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INTRODUCTION 
The laws governing the flow of fluids through porous 
media are of importance in many engineering problems. They 
are essential in determining the movement of water, oil or 
gas through beds of sand, rock or soil. They are needed for 
determining soil moisture movement and seepage from lakes and 
ponds. They are of concern to the chemical and mechanical 
engineer in designing packed towers, filter beds, furnaces 
and drying apparatus. Of special interest in the agricul­
tural engineering field is the flow of air through grain and 
hay. 
Definition of Symbols 
In reviewing literature relating to the flow of air 
through porous materials it was found that different authors 
used different symbols to define a given factor. In order 
that the reader might easily compare the equations given and 
in order to avoid numerous repetitions of definitions the 
following definitions of symbols will be used throughout the 
dissertation. The equations given in the literature have 
not been changed except that the symbols have been changed 
to agree with the definitions in Table 1. Since all authors 
have not used the same units, basic dimensions rather than 
specific units have generally been included along with the 
definition. 
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Table 1. Definition of symbols 
Symbol Définition. Basic 
dimension, 
p 
A Surface area of particles 1 
b Pounds of dry matter per cubic foot of hay FL~^  
C A coefficient 
D Diameter of bin or tube L 
d Diameter of particles of the porous media L 
e Height of surface roughness L 
f Porosity or volume of voids divided by 
total volume 
g Acceleration due to gravity IT" 
H Total pressure drop, height of water 
column I» 
h Pressure drop per foot of material, 
height of water column 
L Distance between pressure taps L 
$ Length of test bin or tube L 
M Moisture content of the porous media 
m Average diameter of air passages through 
hay by sand method L 
N Characteristic diameter of flow channel L 
n An exponent 
0 Factor depending upon the orientation 
of the material 
P Total pressure drop, force per unit area FL 
p Pressure drop between pressure taps, force 
per unit area FL~ 
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Table 1. (Continued) 
Symbol Definition Basic 
dimension 
B Air dry (20# moisture) weight of hay per FL~2 
unit area of floor surface 
S Slope of pressure-head line — 
s Surface of packing per unit of packed 
volume 
U Factor depending upon the size distribu­
tion of particles 
V_ Volume of solids s 
rv 
V_ Volume of voids 1? 
v Average velocity of fluid based on I2C~^  
gross cross-sectional area 
v Corrected velocity based on net cross- LT-"*" 
c 
w 
sectional area 
Bulk specific weight of material FL**^  
Z Factor depending upon the shape of 
particles 
A A. resistance coefficient 
f Viscosity of fluid FL-2T 
/J Density of fluid FlfS?2 
/g Density of solid FITS?2 
if* A function of Reynolds number — 
h 
Flow Through Nonagricultural Materials 
Considerable research has been done on the flow of flu­
ids through beds of various kinds of material. In 1928 Burke 
and Plummer (6) reported results of tests on pressure drop 
for air flowing at various rates through systems packed with 
spheres. Curves were included relating pressure drop per 
unit length to flow rate for various sizes and mixtures of 
sizes of lead shot. A general expression was developed which 
relates gas flow and pressure drop. The general expression 
is 
In 1931 Chilton and Colburn (8) reported experimental 
data on pressure drops through beds of various types of solid 
materials. They have plotted their own data as well as oth­
er data from the literature to show a relationship between 
friction factor and Reynolds number. The characteristic 
length used in Reynolds number was the average diameter of 
the particles. They concluded that the actual velocity 
through a bed of solids is dependent upon the effective free 
cross-sectional area, and is probably about ten times the 
value based on gross cross-sectional area, rather than about 
two times as previously estimated for 50 per cent voids. 
They further concluded that most of the pressure drop is due 
to expansion and contraction losses. 
Bakhmeteff and Feodoroff (1) conducted experiments deal­
ing with flow of water through beds of lead shot. The di­
ameter of the shot ranged from 0.0377 to O.36I inch. Curves 
relating resistance coefficient to Reynolds number were in­
cluded. A resistance coefficient was defined as 
In this article Bakhmeteff and Feodoroff stated that the void 
velocity should be vQ = v/f2y^ where f is the porosity of the 
media. In a discussion of this article. Hatch (13) disagreed 
and stated that void velocity is vQ = v/f. The latter is not 
in agreement with Chilton and Colburn's estimate but is more 
nearly so than the former. If, for example, a gross area of 
one square foot is assumed with a flow rate of 10 cfm and 50 
per cent voids the three theories would result in actual 
velocities as follows: 
Chilton and Colburn: vQ = 10 x 10 = 100 ft./min. 
Bakhmeteff and Feodoroff: v /- = 
c (0.5) 3 0.63 
vc = 15.87 
Hatch: vQ — = 20 ft./min. 
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Carman (7) stated that if pore space in a granular bed 
is considered to be evenly distributed, the porosity of a 
layer of infinitesimal thickness normal to the direction of 
flow will be equal to the porosity of the bed as a whole • 
For such a layer the true velocity of flow must be vc - v/f. 
The actual corrected velocity must depend upon the dis­
tribution of the pore spaces. The high values for corrected 
velocity as suggested by Chilton and Colburn might exist if 
the air path were extremely tortuous. If the path were not 
tortuous and if the pore spaces were unevenly distributed, 
the corrected velocity might be equal to v/f2^ . For evenly 
distributed pore spaces and nontortuous flow the corrected 
velocity should equal v/f. 
Hatch (13) claimed that porosity could be used to deter­
mine the hydraulic radius of the flow channel. His approach 
was as follows: 
void volume volume of solids f 
surface area of solids 1 - f surface area of solids 
In an article published in 19^ 0, Hatch (14) stated that 
the equation which appears to define flow through granular 
media is essentially identical to the equation for flow 
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through pipes, although the flow phenomena are not similar 
in all respects. The equation given is 
He stated that this equation without modification does 
not apply to flow through granular media. In particular he 
pointed out that the usual concept of diameter and velocity 
with respect to flow in pipes are inadequate to represent the 
conditions of flow through granular media. When restated for 
application to flow through granular media the equation be­
comes 
Hatch* s tests were in the range of viscous flow of water 
through sands of similar shape but differing in particle size 
and size distribution. 
Rose (20) in a. paper published in 19^ 5 developed a gen­
eral equation for the flow of liquids through beds of granu­
lar material by using the method of dimensional analysis. 
His equation was based on the assumption that the head of 
fluid H, necessary to maintain a given nominal velocity of 
flow, v, through a bed of granular material is dependent upon 
the density, /p, and the absolute viscosity, ju , of the fluid, 
the depth of the bed, SL, the diameter, d, of the particles 
s -1 («• {•: 
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making up the bed, the diameter, D, of the tube into which 
the bed is packed, the porosity, f, of the bed, and the grav­
itational constant, g. He further assumes that the resistance 
to flow and therefore H will depend upon the height, e, of 
the surface roughening, and upon the shape and size distribu­
tion of the particles• The latter two factors were represent­
ed by the symbols Z and TJ respectively and were assumed to be 
dimensionless. When the foregoing factors were expressed in 
terms of the basic dimensions mass, length and time the fol­
lowing expression was obtained 
Rose assumed that the dimensionless groups e/d, Z and TJ could 
be omitted since smooth spherical shot closely graded about a 
mean diameter was used in the tests. 
Rose presented data relating resistance coefficient to 
Reynolds number. He also included curves relating hydraulic 
resistance to dg/v and a curve relating hydraulic resistance 
to porosity. He discussed the effect of container size and 
presented curves relating resistance ratio to D/d. The final 
form of Rose's equation is 
where ijJ is a function of Reynolds number which must be read 
from a curve, F(f) is a function of porosity to be obtained 
from another curve, and F-^  (D/d) is a function of D/d given 
graphically. 
In a paper published in 194-9 Rose and Rizk (21) develop­
ed equations by means of which the resistance to fluid flow 
offered by beds of nonspherical materials could be computed. 
The equation covered a range of porosities from 30 to 90 per 
cent. Shapes ranging from spheres to hollow cylinders, shell 
insulators and wire nails were covered. A new curve for wall 
effect was included. 
It is readily evident that a considerable amount of work 
has been done on flow of fluids through porous media. How­
ever, much of the basic work on lead shot and similar materi­
als is of little value in determining pressure drops for air 
flowing through hay. The expression given by Burke and Plum-
mer (6) contains a coefficient which must be obtained from a 
curve. Since the curve applies to columns packed with balls, 
it is of no value in predicting head losses through hay. In 
their equation as well as in Hatch's equation (14) it is 
necessary to estimate the surface area of the particles. This 
would be very difficult in the case of hay. 
Rose's approach (20) is believed to be sound, but the 
final form of his equation is applicable only to smooth par­
ticles of similar shape and size. 
The Reynolds number as defined by Bakhmeteff and Feodor­
off (1), Chilton and Colburn (8), and by Rose (20) includes 
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the diameter of the particles as the characteristic length. 
A characteristic diameter for hay particles would be difficult 
to establish because of the diverse nature of particle sizes 
and shapes. 
Flow Through Agricultural Materials 
Since about 1943 there has been considerable interest 
in drying grain and hay on farms. In order properly to design 
equipment for drying, some information on the resistance of 
grain and hay to air flow was essential. Consequently, a 
number of investigators began to conduct research on air flow 
through grain and through hay at about this time. 
Air flow through grain 
In 1943 Henderson (15) published the results of some 
tests on the resistance of shelled corn to air flow. He in­
cluded a set of curves showing the relationship between air 
pressure and air flow for depths of shelled corn ranging from 
one to eight feet. Since many of the metal bins used for 
storing shelled corn had walls made of perforated sheet steel 
he also conducted some tests to determine the resistance of 
perforated steel sheets to air flow. Henderson reported some 
data on resistance of soybeans and oats to air flow (16) in 
1944. 
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In 1945 Shedd (22) published the results of some tests 
on the resistance of ear corn to air flow. His tests were 
made in a bin about 7 feet square and twelve feet high. 
Tests were made using one lot of clean ear corn and one lot 
of ear corn containing husks, silks and some shelled corn. 
It was noted that pressures drops for a given air flow and a 
given depth were much higher in the lot containing foreign 
matter than in the clean ear corn. 
In 19?1 and again in 1953 Shedd (25, 23), reported re­
sults of some tests on the resistance of grains and seeds to 
air flow. Tffhen air flow rate in cfm per square foot was plot­
ted against pressure drop per foot of grain, the resulting 
curves were nearly straight lines on log paper. The author 
assumed that the lines were nearly enough straight for values 
of v between 10 and 40 that the expression v = a hn applied. 
For values of v within the above limits he found the following 
values for a and n: 
for clean ear corn, a = 300, n = 0.53 
for shelled corn, a =62, n = 0.68 
for wheat, a = 32, n = 0.80 
for sericea lespedeza, a = 9*5, n = 0.88 
Curves based on the work by Shedd have been published 
annually since 1954 in The Yearbook of the American Society 
of Agricultural Engineers. It appears that the relationship 
between pressure drop and air flow through various grains 
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and seeds has been satisfactorily determined, but equivalent 
Information for hay is not yet available. 
Air flow through hay 
In 1946 Shedd (24) published an article reporting the 
result of some tests on the resistance of hay to air flow-
Two separate sets of tests were run using a bin 7 feet square. 
For the first set of tests the bin was filled to a depth of 
ten feet with brome-alfalfa hay testing 3° per cent moisture. 
The weight of hay per square foot of floor area was 43.2 
pounds. For the second set of tests the bin was filled to 
a depth of 8 feet 3 inches with second cutting alfalfa hay 
containing less than 2 per cent each of red clover and grass. 
The hay contained 27*5 per cent moisture and the weight of 
hay per square foot of floor area was 47.4 pounds. Each lot 
was tested at air flow rates of 10, 15 and 20 cfm per square 
foot of floor area. Curves showing the relationship between 
air flow rate and pressure drop were included. Shedd stated 
that the relationship between air flow and pressure drop may 
be expressed by a formula of the form v = a Hn. Velocities 
were measured in feet per minute and were based on gross 
cross sectional area. Pressures were measured in inches of 
water. From the tests conducted the exponent,n, was found 
to vary from 0.71 to 0.77. 
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Hendrix (18) reported results of tests made in 1$44 and 
1945. Alfalfa hay was used in most of the tests. The bin 
was 8 feet square and was filled to depths ranging from 7^ jr 
to 12 feet. Curves relating air flow to pressure drop as well 
as curves relating static pressure to depths of hay were in­
cluded. Hendrix agreed with the relationship between pressure 
drop and flow rate given by Shedd and found values of the 
exponent n ranging from 0.60 to O.78. He stated that pressure 
drop through a well planned hay drying system could be close­
ly approximated by the expression 
V se a H2vZ3 . 
Guillou (12) developed an equation for the relationship 
between pressure drop and air velocity based on the expression 
for the drag of a solid body immersed in a moving fluid. The 
final equation is 
H - CH3v3/2 
nr7 
The term, R, was defined as the air dry (20% moisture) 
weight of hay in pounds per square foot of floor area, and 
the coefficient, C, was said to depend upon the units used, 
and the shape, size, and relation of volume to air dry weight 
of solids. Guillou conducted no tests, but data from other 
researchers were analyzed. Except for one set of tests, the 
values of C determined were consistently between 5 x 10~^  and 
7 x 10~6. 
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In 1947 Davis (9) published the results of some hay dry­
ing investigations in which some observations were made on 
the relationship between pressure drop and air flow. Two 
bins 8 feet square and 12 feet deep were used for the tests. 
One bin was filled with chopped alfalfa to a depth of 8 feet 
b inches, and the other with long alfalfa to a depth of 8 
feet 3 inches. He included curves showing the relationship 
between air flow and pressure drop. He stated that the rela-
tionship between the two may be expressed by an equation of 
the same form as that previously used by Shedd and Hendrix. 
He found values of the exponent averaging 0.72 for chopped 
hay and 0.62 for long hay. He concluded that the static pres­
sure required to produce a given rate of air flow through 
chopped hay is slightly less than that required to produce 
the same rate of air flow through long hay of the same den­
sity. Also included were curves showing the relationship 
between static pressure and depth for his tests on long and 
chopped alfalfa hay. He concluded that compactness and den­
sity of hay affects the pressure-depth relationship to a 
marked degree. 
Bruhn (5) in an article published in 1947 included some 
illustrations showing pressure isobars for some different 
types of barn hay drying systems, and also reported the re­
sults of some tests made in a silo. Air flow rates and pres­
sure drops were measured. The plotted data indicated that 
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in a relationship of the form v = a H11, n is essentially con­
stant while a varies inversely with the depth. 
Zerfoss (26) in 1947 reported on various factors affect­
ing hay densities and gave some data on the relation of den­
sity, moisture content and air flow in hay. 
Hendrix (17) conducted some experiments on air flow 
through baled hay and reported his results in 194-7. Curves 
for static pressure vs. air flow were included for baled hay 
of two different densities. 
In some tests reported in 1951» Davis and Baker (10) 
found no appreciable difference in the resistance of long and 
chopped hay to air flow. Using a relationship of the form 
v = a H11 they found values of n to vary from 0.55 to 0.77 
with an arithmetic mean of about 0.66. The value of a was 
found to be related to depth and density of hay. 
In 1948 Ball (3) dried some chopped hay in a wire bin 
16 feet 4 inches in diameter and 18 feet high. His primary 
objective was to determine whether or not this type bin was 
satisfactory for stack drying hay. Included in his measure­
ments were static pressures at a number of points in the hay 
mass. He also measured pressure drops and air flow rates 
during some tests on chopped hay in a bin 7 feet 4 inches 
square and 12 feet high. The bin was equipped with a per­
forated floor with a plenum chamber underneath. The-bin was 
filled to a depth of 9?r feet with 4290 pounds of hay averaging 
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27*31 per cent moisture. When drying was complete the hay 
had settled to a depth of 7^  feet and weighed 3^ 15 pounds 
with 13«6 per cent moisture. 
Ball suggests that some of the variables which affect 
the relationship between pressure drop and air flow are kind 
of hay, specific weight, leafiness, maturity, moisture content 
when placed in mow, method of filling mow and length of cut. 
In 1952 Bhagwati £k) conducted some tests for the purpose 
of determining the air permeability of hay. The usefulness 
of his data is impaired by the fact that air flow rates were 
reported in cubic centimeters per second and pressure drops 
in atmospheres x 10"^ . His expression defining permeability 
was based on Darcy's law and therefore required that flow be 
in the viscous region. When plotted on Cartesian coordinates 
the relationship between pressure drop and air flow appeared 
to be a straight line for low flow rates• However, the curves 
should all have passed through the origin, since no pressure 
drop would exist when there was no air flow. When the 
straight portions of the curves are extended most of them 
cross the ordinate at values greater than zero. This leaves 
some doubt as to whether the flow was actually in the viscous 
region. 
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INVESTIGATION" 
Objective 
It has been previously pointed out that much of the basic 
work on lead shot and similar materials is of little value in 
determining the relationships for air flow through hay since 
hay particles vary in size and shape and the surface rough­
ness is different from that of most of the materials tested. 
The tests on air flow through hay have made a contribution 
to our knowledge of the subject, but some basic information 
is still lacking. Although researchers agreed on the basic 
expression v = a H31, the values of the exponent found by 
various researchers varied over a considerable range. The 
value of the coefficient has been said to be related to depth 
of hay and to density of hay, but no general method for deter­
mining this relationship has been advanced. 
The objective of this investigation was to determine a 
relationship between pressure drop and air flow through hay 
which could be applied to flow problems encountered in drying 
hay. 
Hypotheses and Assumptions 
The rate of air flow through a mass of hay was believed 
to depend primarily upon the pressure differential through 
the hay mass, the density and viscosity of the air, the size 
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of the passages through which the air must flow, and the 
length of the air path. These factors have been expressed in 
terms of the basic dimensions force, length and time in the 
introduction. 
Since three independent dimensions were involved, the 
Buckingham Pi Theorem indicated that a relationship could be 
expressed using three dimensionless groups or pi terms (19). 
These were written as 
In addition to the above primary quantities, various 
investigators have suggested that the following factors may 
to some degree also affect the relationship between pressure 
drop and flow rate: 
1. the porosity or ratio of void volume to total volume 
2. the shape of the hay particles as affected by the 
length of cut and leafiness 
3» the moisture content of the hay 
4. the orientation of the stems. 
Since each of the last mentioned factors is dimensionless, 
their addition would result in four additional pi terms and 
the expression would take the following form 
(1) 
(2) 
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where f is porosity, Z is a shape factor depending upon the 
length of cut and leafiness of the hay, M is a factor depend­
ing upon the moisture content of the hay and 0 is a factor 
depending upon the orientation of the hay stems. 
Hatch (13) defined porosity as volume of voids divided 
by total packed volume and stated that of itself it has no 
bearing on the problem of flow. He said that it may be em­
ployed to evaluate factors such as void velocity and diameter 
• of the flow channel which cannot be measured directly. The 
writer shared this opinion and although porosities were meas­
ured, they were not considered to be of primary importance 
in the equation relating pressure drop to air flow through 
hay. 
Experimentation 
The general approach to the problem was to vary one of 
the pi terms on the right hand side of Equation 2 while hold­
ing the others constant, and to determine the effect on the 
dependent pi term. It was considered desirable to be able 
to measure air flow rates accurately and to reproduce the 
same flow rate in different tests. Fortunately a suitable 
piece of apparatus was available which made it possible to 
meet these requirements. It was also considered desirable to 
measure the pressure drop at intervals along the bin. By so 
doing the 1/m ratio could be varied without changing the air 
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passage sizes• Since the specific weight of hay in a vertical 
bin varies from the top to the bottom, it was decided that a 
bin with a small cross-section placed horizontally on the 
floor would be preferable. 
Apparatus 
The apparatus used to supply air under pressure was es­
sentially that described by Shedd (25). It consisted of an 
open topped cylindrical tank containing water and a cylindri­
cal bell of smaller diameter arranged to be driven up and 
down at a known speed. The inside diameter of the bell was 
32 inches and a 4-inch pipe extended above the water level to 
serve as an air outlet (and inlet). The mechanism for driv­
ing the bell up and down consisted of a reversible electric 
motor, a V-belt from the motor to a jack shaft, a roller chain 
drive from the jack shaft to a worm gear speed reducer, a 
roller chain drive from the speed reducer to a pinion and a 
rack attached to the bell. 
The volume displaced per pinion revolution was 2.923 
cubic feet. The speed of the jack shaft was checked several 
times and was found to be 23^  RIM + 3. By using different 
combinations of sprockets on the jack shaft, speed reducer 
and pinion shaft it was possible to vary the flow rate from 
3.42 to 54.6 cfm. A sketch of the apparatus used to supply 
the air is shown in Figure 1. 
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The hay "bin used in the investigation consisted of a 12-
inch diameter tube made of galvanized sheet metal. The tube 
was made in four sections 18 inches each in length. The four 
sections were connected together and the bin was placed hori­
zontally on the floor as shown in Figure 2. The joints were 
sealed by taping with 2-inch plastic tape, cementing with 
3M cement, and covering with wide rubber bands cut from a 10-
inch tractor tire tube. A plenum chamber made from a 100 
pound steel grease drum was located between the bin and the 
air supply pipe. A heavy wire mesh was placed between the 
bin and the plenum chamber to exclude hay from the latter. 
Pressure taps were located along the bin at one foot inter­
vals. One set of taps was located near the bottom of the 
tube and another near the top. 
There was some concern that the size of the tube might 
affect the results. Rose (20) stated that for containers with 
a D/d ratio greater than bO the wall effect may be entirely 
neglected. In this case D refers to the diameter of the tube 
and d to the diameter of the material with which the tube is 
filled. If the average diameter of the hay particles is as­
sumed to be as large as 0.10 inch (which is unlikely), the 
D/d ratio for a 12-inch tube would be 120. In spite of this 
indication that the wall effect could be neglected it was 
deemed advisable to obtain some experimental evidence. Ac­
cordingly, the 12-inch tube was packed with hay to a bulk 
Figure 2. Test bin with apparatus for supplying air in the 
background 
2b 
2? 
specific weight of 6.37 pound per cubic foot and pressure 
drops were measured for flow rates ranging from 4.35 to 69.6 
cfm per square foot of bin in Test 1. The 12-inch bin was 
then replaced by one with an 8-inch diameter and the same 
hay was packed to the same bulk specific weight. Pressure 
drops were measured for flow rates ranging from 9.8 to 78.4 
cfm per square foot of bin cross-section in Test 2. In Tests 
3 and 4 the above procedure was repeated with hay packed to 
a bulk specific weight of 4.75 pounds per cubic foot in each 
of the tubes. For a given bulk specific weight of hay the 
curves relating pressure drop to flow rate were almost iden­
tical as shown in Figure 3« It was concluded that the wall 
effect was of no consequence and the 12-inch bin was employed 
in all subsequent tests. 
An inclined tube manometer which had been constructed 
by U.S.D.A. researchers was used for most of the pressure 
measurements. The range of the instrument was zero to 4 
inches of water and its least division was 0.02 inch of water. 
A new inclined tube manometer secured from the Meriam Company 
was used for the last two weeks of experimental work. Its 
range was zero to 2 inches of water and its least division 
0.01 inch of water. One test run was made using first the 
old and then the new manometer. The manometer readings were 
identical. 
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A set of Buffalo platform scales with a least division 
of 0.01 pound was used to weigh the hay which was loaded into 
the bin. A balance scale manufactured by the Toledo Scale 
Company and having a least division of one gram was employed 
for weighing those hay samples used for moisture tests and 
samples used in determining the size of the air passages. 
A Sargent electric oven was used to dry hay samples used 
for determining moisture content. One hundred gram samples 
were dried for 18 hours at 100°C. Air temperatures were meas­
ured by means of a Fahrenheit thermometer. 
A set of Tyler Standard Sieves and a sieve shaker made 
by the Central Scientific Company were used in connection 
with the measurement of air passage sizes. The sieve sizes 
used were 4, 8, 10, 14, 28, 35? 48, 60 and 100. 
Procedure 
In order to develop an expression for the relationship 
between pressure drop and air flow rate the following meas­
urements were considered to be of importances 
1. the pressure differences at intervals along the tube 
2. the air flow rate 
3* the air temperature (from which the air density and 
viscosity could be determined) 
4. the size of the air passages 
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5- the moisture content of the hay 
6. the porosity of the hay mass. 
The distance between points where pressure differences were 
measured was fixed by the design of the apparatus at one 
foot. Of the previously mentioned factors, all could be read­
ily measured with the exception of the air passage sizes. A 
method of making this measurement was devised, and since some 
of the procedures used were affected by this method of meas­
urement, it will be discussed first. 
Determination of air -passage sizes. A five quart oil 
can with the top and bottom removed was fitted with a wire 
mesh bottom. A sample of the hay (usually 2000 cc) was 
packed into the can to the same bulk specific weight as used 
in the air flow test. Another wire mesh was placed on top 
of the hay and held in place by a small metal strap secured 
to the can with small stove bolts and wing nuts. A quantity 
(usually 100 cc) of very fine sand closely graded to a known 
size was poured on top of the hay and the can was then placed 
on a sieve shaker. At various time intervals the shaker was 
stopped and the quantity of sand which had passed through was 
recorded. Shaking was continued until little or no sand was 
passing through. This hay was then discarded and a new sample 
packed as before was placed in the can. Sand of a slightly 
larger size was poured in the top and the amounts passing 
after various time intervals were again recorded. This pro­
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cedure was continued using larger and larger sand until a 
sand size was found too large to pass through the hay. 
For each sand size curves were plotted showing the re­
lationship between per cent of sand passing and shaking time. 
As shown in Figure h the sand tended to pass through the hay 
at a constant rate up to a certain point and then to pass at 
a decreasing rate. The point at which the sand ceased to 
pass at a constant rate was believed to be significant. The 
per cent retained at this time was considered to represent 
the per cent of the total air passage area having air passages 
the size of the sand used or smaller. After determining the 
per cent of sand of different sizes retained by the hay, a 
weighted average size was obtained as shown by sample calcula­
tions which may be found in Appendix B. This average size 
was used to represent the size of the air passages. 
Determination of void volume. The void volume (from 
which porosity was calculated) was measured by packing hay 
in a 500 cc graduated cylinder to the same bulk specific 
weight as the hay under test and then filling the cylinder 
with water. The quantity of water required to fill the 
cylinder was measured and the porosity was calculated by 
dividing this quantity of water (measured in cc) by 500. 
This method was checked by the same procedure using mercury 
instead of water and a 100 cc graduated cylinder instead of 
a 500 cc cylinder. Almost identical results were achieved 
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"by the two methods. Porosities measured by the two methods 
have been included with the original data presented in Ap­
pendix A. 
Air flow tests with moisture content varied. Two sets 
of tests were run to determine whether moisture content af­
fects the resistance of hay to air flow. During these tests 
an attempt was made to hold all factors constant except the 
moisture content of the hay. It was found that the method 
used to measure the air passage sizes was unsatisfactory for 
hay with a high moisture content. The sand became moistened 
and clung to the sides of the can and to the hay itself. It 
was reasoned, however, that for a given batch of hay the air 
passage sizes would remain constant if the porosity was held 
constant. 
The hay used for the tests involving a variation of 
moisture content was mature alfalfa chopped with a flywheel 
type field forage harvester. The hay was hauled to the lab­
oratory immediately after chopping and air flow tests were 
begun while the moisture content of the hay was quite high. 
In Tests 12 through 16 the porosity was held constant at 
about 85 per cent and the moisture content of the hay ranged 
from 6k per cent down to 18.5 per cent. In Tests 27 through 
30 the porosity was held constant at about 81 per cent while 
the moisture content was varied from 53-5 per cent to 23 per 
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cent. The following sequence was followed in mafe-T-ng an air 
flow test: 
1. porosity measurements were made for hay of a given 
moisture content packed to different bulk specific 
weights 
2. a curve of porosity vs bulk specific weight was 
plotted from which the appropriate bulk specific 
weight for the particular test could be chosen 
3. the weight of hay per foot of bin was calculated and 
this amount of hay weighed 
4. the first one foot of bin was loaded using a special­
ly devised tamper 
5* the remainder of the bin was loaded in a similar 
manner 
6. one or more hay samples were placed in the drying 
oven for determining the moisture content 
7» a wire mesh retainer was placed in the end of the 
bin to hold the hay in place 
8. pressure drops were measured at one foot intervals 
along the hay bin while air was being forced through 
the hay at a known rate. 
Static pressure in the plenum was also measured. At the con­
clusion of each test the sprockets on the drive mechanism of 
the air supply device were changed to give a different air 
33 
flow rate and measurements were repeated. Air temperatures 
were recorded at intervals throughout the tests. 
Air flow tests with orientation of stems varied. Two 
sets of tests were run to determine whether or not the direc­
tion of orientation of the hay stems affects the resistance 
of hay to air flow. In the first series of tests the bin was 
loaded in three different ways. In Test 19 it was loaded 
with hay stems parallel to the direction of flow, in Test 20 
with hay stems perpendicular to the direction of air flow and 
in Test 21 with a random arrangement of the stems. In order 
to load the bin with all the stems parallel to the direction 
of air flow some small round bales were formed by hand from 
long alfalfa hay and tied with string. The ends of the bales 
were sheared to even them. After the end of a bale was in­
serted into the bin the string was severed and the bale was 
pushed on into the bin. The test procedure and sequence of 
-operations were essentially the same as previously described 
for the constant porosity tests except that an additional 
measurement was required to determine the size of the air 
passages. The hay was then removed and reinserted with the 
stems essentially perpendicular to the direction of air flow. 
%hen this test was completed the bin was loaded with an ir­
regular or random arrangement of the hay stems. In each case 
the hay was packed to a bulk specific weight of about 3*6 
pounds, per cubic foot. 
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It was noted that the hay placed parallel to the direc­
tion of air flow did not press tightly against the sides of 
the bin when the strings were removed from the bales. In a 
second set of tests the hay was packed to a bulk specific 
weight of about 5*7 pounds per cubic foot and in Test 32 the 
hay was found to press tightly against the sides of the bin 
when placed parallel to the direction of air flow as well as 
in Test 31 when placed perpendicular to it. Tests with a 
random arrangement of stems were not included in the second 
set. 
Air flow tests with air passage size varied. Tests 10, 
11, and 23 through 26 were conducted to determine the effect 
of air passage size on the resistance of hay to air flow. 
Air passage sizes were also measured in Tests 14 through 16, 
and in Tests 30 and 33» The hay used in Tests 10 and 11 was 
first cutting alfalfa which had been retarded because of dry 
weather. It was cut with a flywheel type field harvester. 
Long alfalfa hay which had been baled was used in Tests 17 
and 18. This hay contained some weeds and had lost some of 
its leaves because of baling and handling. The hay used in 
Tests 23 through 26 was moderately leafy alfalfa cut with a 
flail type field harvester. 
In each test run the following data were recorded: 
1. the date of the test 
2. the kind of hay 
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3. the moisture content of the hay 
4. the hulk specific weight of the hay as packed in the 
bin 
5. the porosity of the hay mass as packed in the bin 
6. the air temperature 
7» the size of the air passages through the hay mass 
8. the air flow rates used 
9- the pressure drops at one foot intervals along the 
bin 
10. the static pressure in the plenum chamber. 
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RESULTS 
Relationship Between Porosity and Dry Hatter Per Unit Volume 
The hulk specific weight of each lot of hay tested was 
measured, and this along with the per cent moisture of each 
lot permitted the determination of the pounds of dry matter 
per cubic foot of bin volume. 
It was reasoned that for all hay samples with the same 
moisture content there would be a straight line relationship 
between porosity and dry matter per cubic foot. Obviously 
if the porosity were 100 per cent, the dry matter per cubic 
foot would be zero. It was further reasoned that because of 
swelling, samples having a high moisture content would have 
a lower porosity for a given quantity of dry matter per cubic 
foot than would samples with a low moisture content. Figure 
5 shows the relationship between porosity and dry matter per 
cubic foot for hay samples with moisture contents between 13 
and 64 per cent. For the purpose of plotting the curves 
shown in Figure 5j five samples testing 13.0 to 14.0 per cent 
and averaging almost 14 per cent moisture were grouped to­
gether. Similarly grouped were nine samples testing 15»5 to 
17.0 per cent and averaging 16 per cent, seven samples test­
ing 18.0 to 23.0 per cent and averaging 20 per cent, three 
samples testing 26 to 30 per cent and averaging 28 per cent 
and two samples testing 48.5 and 53«5 per cent and averaging 
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51 per cent. The curves for 39 per cent and 64 per cent 
moisture were established from single points. 
The slopes of each of the curves in Figure 5 were deter­
mined and plotted against per cent moisture in Figure 6. 
From this plot an expression for slope in terms of moisture 
content becomes 
slope = -(3*0 + 0.0448M) (3) 
An equation for porosity in terms of dry matter per cubic 
foot and per cent moisture can now be written. Using the 
slope as determined from Equation 3 and intercept from Figure 
5 the equation becomes 
f = 100 - (3.0 + 0.0448tt)b 
The coefficient for the moisture term was rounded off 
to 0.05 and predicted values of porosity shown in Table 
2 are based on the equation 
f = 100 - (3.0 + 0.05M)b (4) 
The measured and predicted values of porosity as shown 
in Table 2 are in good agreement, the largest difference be­
ing 2.1 per cent. For 16 of the 29 samples for which porosity 
was measured the predicted value fell within 0.5 per cent of 
the measured value. 
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Table 2. Measured and predicted values of porosity for 
alfalfa hay 
Test ' 
number 
Dry matter 
(lbs. per 
cu. ft.) 
Moisture 
(per cent) 
Porosity as 
measured 
(per cent) 
Porosity as 
predicted 
from Eq. 4 
(uer cent) 
5 6.93 16 74.0 73.7 
6 5.88 16 79.5 77.7 
7 5.00 16.5 82.0 80.9 
8 4.30 13 84.0 84.3 
9 3.44 14 87.5 87.3 
10 5.38 14 80.5 80.1 
11 3.80 20 85.0 84.8 
12 2.88 64 82.5 82.4 
13 3.95 30 84 82.2 
14 3.70 26 85 84.1 
15 4.01 19.5 85 84.1 
16 3.50 18.5 86 86.2 
17 2.72 20 89.5 89.1 
18 2.86 17.0 89.0 89.0 
19 3.00 17.0 88.5 88.5 
20 3.12 14.0 88.5 88.5 
21 2.91 15.5 88.5 88.8 
22 3.68 15.5 86.0 86.1 
23 3.65 15.5 86.0 86.2 
24 4.02 16.5 84.0 84.6 
25 4.47 18.0 82.5 82.5 
26 4.65 13.0 82.5 83.0 
27 3.72 53.5 81.0 78.9 
28 3.86 48.5 80.0 79.1 
29 4.21 39.0 81.0 79.2 
30 4.62 23.0 81.5 80.9 
31 4.53 21.0 83.5 81.7 
32 4.53 21.0 83.5 81.7 
33 4.07 29.0 82.5 81.9 
bX 
Effect of Moisture on Air Flow Rate 
Two sets of tests were run to determine whether moisture 
content affects the resistance of hay to air flow. In the 
first set of tests an attempt was made to hold the porosity 
constant at about 85 per cent. The moisture content of the 
hay ranged from 6b per cent down to 18.5 per cent. In the 
second set the porosity as measured was held at about 81 per 
cent. It was not possible to measure the air passage size 
for samples with high moisture contents by the method employ­
ed in this investigation. From Table 3 it may be noted that 
the porosity as measured was not as constant as was desired. 
Table 3* Porosity and moisture content for hay used in tests 
to determine the effect of moisture 
First sériés Second series 
Moisture 
(per cent) 
Porosity 
measured 
(per cent) 
Moisture 
(per cent) 
Porosity 
measured 
(per cent) 
6b 82.5 53.5 81 
58 ———— 48.5 80 
30 84.0 39-0 81 
26 85.0 23.0 81.5 
19.5 85.0 
18.5 86.0 
V2 
In Figures 7 and 8 the air flow rate has been plotted 
against pressure drop for hay with different moisture con­
tents and relatively constant porosity. Although the curves 
do not entirely coincide, the variation is neither large nor 
consistent and moisture content is not, therefore, considered 
to be of primary importance in the relationship between 
pressure drop and air flow rate. 
Effect of Orientation of Stems on Air Flow Bate 
Two sets of tests were run to determine whether or not the 
direction or orientation of the hay stems affect the relation­
ship between pressure drop and air flow rate. In the first 
set of tests the pressure drop was about the same when the 
stems were placed perpendicular to the direction of air flow 
as when a random arrangement of the stems was used. When the 
stems were placed parallel to the direction of air flow the 
pressure drop for a given air flow rate was considerably less 
than for either of the other two arrangements. 
In the second set of tests the pressure drop with stems 
placed parallel to air flow was about the same as with stems 
placed perpendicular to air flow. Graphical results for these 
two sets of tests are shown in Figures 9 and 10. 
It was concluded that the low pressure drops in Test 19 
with stems placed parallel to the direction of air flow were 
a result of the method of loading the bin and the low specific 
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weight of hay used. With only 3.62 pounds of hay per cubic 
foot of bin volume the handmade bales did not press tightly 
against the sides of the bin and air could readily pass. For 
Test 31 the bales were packed to 5*73 pounds per cubic foot 
and the hay pressed firmly against the bin walls when the 
bales were inserted. 
Effect of Air Passage Size on Air Flow Rate 
Analysis using corrected air velocities 
From the results previously given it has been indicated that 
porosity, moisture content, and orientation of stems are not 
of primary importance in relating pressure drop to the rate 
of air flow through hay. If it is assumed that the shape of 
the hay particles as affected by the length of cut and leafi-
ness are not of primary importance, a relationship based on 
the Buckingham Pi Theorem and using corrected air velocities 
becomes 
Proceeding on the assumption that only the above three pi 
terms are of primary importance, the next step was to deter­
mine whether the latter two could be combined by addition or 
multiplication. A test for combination by multiplication was 
applied as follows: 
(5) 
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let tT-x ô = the Euler number 
/F'c 
A.V HI 
tf2 - — y . . - the Reynolds number 
" 3  = 5  
Using data from Test 24 the Euler number was plotted against 
the Reynolds number with Jl/m held constant at values of 1590 
and 795 as shown in Figure 11. The curves in Figure 11 were 
fitted without the use of statistical methods. The relation­
ships between *7"^  and are: 
rrx = f( r2y3) = 5200 rr2'0'^  (6) 
and 
rrx =p(/r2ff-3) = 2600 /r-f0*54 (7) 
If t7~2 and If?, can combined by multiplication the 
following relationship must hold (19): 
If2?^ ) = (8) 
Tfal/g) F< ^2 S3) 
/7™2 was chosen as 15*88 ( corresponding to a nominal air 
flow rate of 52.2 cubic feet per minute per square foot of 
bin cross-section). Then 
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Figure 11. Relationship between the Euler and Reynolds 
numbers with 6,/m held constant at two different 
values 
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5200 rj 0^^  2600 /T2"0#5lf 
1--054 roAnn^f-rcr po^ -^ O^  (5200)(15.88)"eV^ (2600) (15.88)' 
The relationship shown in Equation 9 is obviously an 
identity and the test for combination by multiplication is 
satisfied. 
A plot of the Euler number against 8,/m with the Reynolds 
number held constant at 15*88 is shown in Figure 12. The 
following relationship was obtained: 
Z~2 = 0*73 Vm (10) 
y<Fvc 
A prediction equation was then developed from the re­
lationship (19) 
*i -W.T2fl3> (U) 
where 
% = F(T2/r3) = 5200 1T2~°-^ (6) 
1^ X2 ~ fl~2 TT^  ~ 0*73 fT^  (10) 
2^3 = F("^ r2 ^3) (12) 
The value of Equation 12 may be obtained by substituting in 
Equation 6 the value at which rf2 was held constant, (15.88), 
or by substituting in Equation 10 the value at which /T^  was 
held constant. The results of these substitutions follow. 
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with the Reynolds number held constant 
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r
" - > • »  - = - *  *  » .  
or 
(5200fl--°>51f)(0.73 r,) _0 -V 
C0.73)(1590) = 3.28 tr^  • 77^  (14) 
If Equation 13 (or 14) is an accurate expression of the 
relationship between pressure drop and air flow rate then it 
should be applicable, within the range of values of the vari­
ables used in its determination, to all data for which values 
of each factor were available• However, when equations were 
developed similarly for other data believed to be valid, the 
coefficients were found to range from about 2.2 to 6.1 and 
the exponents from about -0.4l to -0.66 as shown in Table 4. 
Figures 13 and 14 give an indication of the reliability 
of the prediction equations based on air passage sizes and 
corrected velocities. It would be expected that curves re­
presenting low values of SL/m (large passage sizes) would fall 
below those having large values of (L/m. No consistent pattern 
is in evidence. 
The fact that a prediction equation has not been develop­
ed which is applicable to all the experimental data with 
similar ranges of variables suggests that some important fac­
tor may have been neglected, that errors may have occurred 
in making one or more of the measurements, or that one or more 
invalid assumptions may have been made. 
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Figure 14. Relationship between the Euler and Reynolds 
numbers for moderately leafy chopped alfalfa hay 
Table 4. Data for prediction equations8 based on air passages 
and using corrected velocities 
Test 
number 
Type of 
harvester 
Description 
of hayb 
Air passage 
diameter 
(inches) 
a/m Coefficient Exponent 
0 n 
10 flywheel HS 0.028 1710 4.68 -0.56 
11 flywheel HS 0.040 1200 2.37 -O.52 
14 flail ML 0.035 1370 3.28 -0.48 
15 flail ML 0.033 1450 4.26 -O.51 
16 flail ML 0.035 1370 2.79 -O.4l 
23 flail ML 0.035 1370 3.20 -0.48 
24 flail ML 0.030 1590 3.28 -0.54 
25 flail ML 0.029 1650 6.07 -0.65 
26 flail ML 0.029 1650 5.83 -0.65 
30 flail HS 0.026 1840 3.80 -0.66 
33 flail HS 0.024 2000 2.20 -0.61 
E^quations are of the form = C ff^ 1 fry 
H^S indicates alfalfa hay with a high percentage of stems; ML indicates mod 
erately leafy alfalfa hay. 
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One assumption made was that the shape of the hay par­
ticles as affected by the length of cut and leafiness did not 
affect the resistance of the hay to air flow. Another as­
sumption was that the actual velocity through the hay was 
equal to the apparent velocity (that based on the gross cross-
section of the bin) divided by the porosity. The values 
used for air passage sizes were, at best, approximations• 
Since the results shown in Table b and Figures 13 and 14 show 
no consistent pattern with respect to either leafiness or 
the value of JL/m, it is not possible to determine from the 
previous analysis whether either of these are the cause of 
the discrepancies in the prediction equations• It was pos­
sible, however to determine the effect of using the apparent 
rather than corrected velocities in the Euler and Reynolds 
numbers. 
Analysis using apparent air velocities 
When apparent air velocities instead of corrected veloc­
ities were used in the Euler and Reynolds numbers, the Rey­
nolds number was again found to combine by multiplication 
with SL/m. Figure 15 shows the relationship between the Euler 
and Reynolds numbers for data from Tests 14, 15, and 23 
through 26 which were made using moderately leafy alfalfa hay 
cut with a flail type field harvester. Data for prediction 
equations based on these tests are shown in Table 5» It can 
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numbers for moderately leafy chopped alfalfa hay 
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Table 5» Data for prediction equations8, based on air passage 
sizes and using apparaît velocities 
Test 
number 
Air passage 
diameter 
(inches) 
JP/m Coefficient 
C 
Exponent 
n 
2lj. 0.035 1370 3.86 -0.48 
15 0.033 1450 5.11 -O.55 
23 0.035 1370 3.73 -O.50 
24 0.030 1590 4.40 -0.55 
25 0.029 1650 7.47 -0.65 
26 0.029 1650 7.47 -0.65 
E^quations are of the form 77^ =0 TT^ 31 ff^ • All hay was 
moderately leafy alfalfa cut with a flail type field harvest­
er. 
be seen that the variation in coefficients and exponents still 
exists, and that the results are similar to those shown in 
Table 4 for corresponding tests except that the coefficients 
differ. The variations in the prediction equations are not, 
therefore, believed to depend upon the choice of velocities. 
Effect of Bulk Specific Weight on Air Flow Bate 
In an attempt to determine a relationship between pres­
sure drop and air flow rate without using air passage sizes, a 
new parameter was tried. If it is assumed that the bin was 
completely filled at any cross-section, the size of the air 
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passages should be related to the amount of dry matter per 
unit of bin volume. A plot of air passage sizes (as meas­
ured by the sand method) against dry matter per cubic foot 
is shown in Figure 16. As was expected, the air passage sizes 
were smaller when more material was packed in a given bin 
volume. Because of the scatter about the line and the lack 
of a precise method of measuring passage sizes, however, the 
relationship shown in Figure 16 is considered to be of little 
value. 
Even though the relationship between air passage size 
and dry matter per unit volume is not known, the pressure 
drop may be expressed as a function of the latter. If it is 
assumed that the pressure drop, p, between pressure taps is 
a function of the air velocity, density, and viscosity, the 
distance, L, between pressure taps, and the bulk density, 
/^  , of the dry matter, the following relationship may be 
written using the Buckingham PL Theorem: 
Using data from Tests 5 through 11, values of the Euler 
All hay used for these tests was alfalfa with a high percent­
age of stems cut with a flail type field harvester. Any ef­
fect due to the shape of the particles was therefore assumed 
(15) 
number were plotted against /Fv1, as shown in Figure 17. 
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to "be constant for this series of tests. A test for combina­
tion by multiplication was applied for TT^  held constant at 
values of 66*7 and 80.0. The curves were found to plot as 
parallel lines on log paper which was sufficient to establish 
that fT2 and could be combined by multiplication. Figure 
18 shows the relationship between and Tf^  with /T2 held 
constant. The prediction becomes 
When the distance between pressure taps is one foot Equation 
16 may be reduced to 
Curves based on Equation 16 have been included in Figure 
17» It may be observed that the predicted values are fairly 
consistent with the measured values for the range of veloc­
ities used in the tests. 
In order to determine whether leafiness has any effect 
on the prediction equation, data for Tests I1*- and 23 through 
26 were plotted in Figure 19. The hay used for these tests 
was moderately leafy alfalfa hay cut with a flail type field 
harvester. Data from the same tests were used to plot curves 
in Figures 14 and 15» A test for combination by multiplica­
tion was considered satisfactory when was held constant 
(16) 
h = 5*46 x 10-7 y^ -2.73 yl»4l ^ 0*59 %3»l4 (17) 
Figure 18. Relationship between the Euler number and 
/ /?, for alfalfa cut with a flywheel 
type field harvester and having a high 
percentage of stems 
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at values of 49.3 and 5^ *3 • A relationship between and 
with fl~2 held constant is shown in Figure 20. The pre­
diction equation becomes 
When the distance between the pressure taps is one foot, 
Equation 18 will reduce to 
Curves based on Equation 18 have been included in Figure 19• 
Again it may be seen that the predicted values are in fair 
agreement with the measured values for the range of velocities 
used in the tests. It is noted, however, that Equation 16 
differs from Equation 18 and that higher values of pressure 
drop would be predicted from the latter. This indicates that 
the leafiness of the hay must be taken into account when the 
prediction equation is based on the amount of dry matter per 
unit volume. 
(18) 
h = b.05 x lO™7/^ ™2*86/!0,60 vlA0 b3e26 (19) 
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DISCUSSION" 
Application of Prediction Equations 
The most promising prediction equations appeared to be 
those based on the amount of dry matter per unit volume. 
Consequently, it was considered of interest to apply these 
equations to some data from the literature. Some reports of 
experimental work found in the literature contained enough 
information that the average number of pounds of dry matter 
per cubic foot of bin volume could be determined, and there­
fore Equations 17 and 19 could be applied. It is recognized 
that the specific weights of hay used in tests described in 
the literature were not the same at the top and bottom of the 
bin since the hay depths ranged from 7 to 10 feet, and that 
the use of the average bulk specific weight may not be en­
tirely justifiable. It is also necessary to assume air tem­
peratures in order to apply Equations 17 and 19, since tem­
peratures during tests described in the literature were not 
given. It is reasonable to assume that temperatures between 
60° and 95°F existed during hay drying tests. Since the 
values of predicted pressure drop are considerably different 
at these two temperatures, it was considered desirable to 
determine values of pressure drop at both 60° and 95°F. 
For air temperatures of 60°F the density of dry air is 
2.37 x 10-3 sltigs per cubic foot and the viscosity is 3*72 
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x ICT7 slugs per foot second. If these values for density 
and viscosity are used in Equation 19 and velocity is con­
verted from feet per second to feet per minute it "becomes 
h = 5.88 x 10~6 v1#lf0 b3'26 (20) 
For air temperatures of 95°F the density of dry air is 
2.22 x 10~3 slugs per cubic foot and the viscosity 3*92 x 
10~7 slugs per foot second. If these values of density and 
viscosity are used in Equation 19 and velocity is converted 
from feet per second to feet per minute it becomes 
h = 7*39 x 10-6 v1^0 b3*26 (21) 
The density is slightly affected by humidity. For 
example, at 80°F the density of dry air is 2.28 x 10~3 slugs 
per cubic foot while that for air at 50 per cent relative 
humidity is 2.265 x 10 ~"3 slugs per cubic foot and that for 
air at 100 per cent relative humidity is 2.25 x 10~3 slugs 
per cubic foot. Since the variation of air density with 
humidity is small, values for dry air densities have been 
considered sufficiently accurate. 
Table 6 shows actual and predicted values of pressure 
drop through a lot of hay described by Shedd (24) as being a 
mixture of brome and alfalfa. Equations 20 and 21 based on 
moderately leafy alfalfa hay have been used as prediction 
equations. Equation 20 which was based on an air temperature 
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Table 6. Actual and predicted values of pressure 
drop for brome-alfalfa hay 
b v Pressure drop (inches of water) 
(pounds per (cfm per Actual Predicted Predicted 
cubic foot) sq. ft.) from. from 
Equation 20 Equation 21 
3-79 10.1 0.13 0.09 0.12 
14.9 0.22 0.16 0.20 
20.0 0.34 0.24 0.30 
4.04 10.1 0.13 0.11 0.13 
14.9 0.23 0.18 0.23 
19.9 0.35 0.28 0.35 
4.18 10.3 0.14 0.12 0.15 
15.5 0.25 0.21 0.27 
19.9 0.37 0.30 O.38 
4.33 10.4 0.17 0.13 0.16 
15.6 O.32 0.23 0.29 
19.7 0.45 0.32 0.40 
of 60°F predicted values which were too low while Equation 
21 based on an air temperature of 95°F predicted values 
which ranged from slightly low to slightly high. 
Table 7 shows actual and predicted values of pressure 
drop through hay described by Shedd (24) as second cutting 
alfalfa with less than 2 per cent each of red clover and 
grass. Equations 20 and 21 were again used as the prediction 
equations. 
All predicted values in Table 7 were too low. It is 
possible that the alfalfa hay from which data in Table 7 were 
obtained was leafier than that upon which the prediction 
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Table 7» Actual and predicted values of 
pressure drop for alfalfa hay 
b V Pressure dron (inches of water) 
(pounds per (cfm per Actual Predicted Predicted 
cubic foot) sq. ft.) from from 
Equation 20 Eauation 21 
4.22 10.3 0.20 0.14 0.17 
15.1 0.32 0.24 0.30 
19.8 0.46 0.34 O.43 
4.44 10.1 0.21 0.15 0.19 
15-1 0.36 0.27 0.34 
19.4 0.48 0.37 0.47 
equations were based. This would help to account for the 
fact that actual pressure drops were higher than the predict­
ed. 
Table 8 shows measured and predicted results for one lot 
of hay described by Ball (3) as alfalfa-grass hay. The depth 
of the hay when drying was completed was 7j=r feet and the 
moisture content was 13«6 per cent. The amount of dry matter 
per cubic foot was 7*30 pounds. The proportion of alfalfa 
and grass was not given, but it is possible that the hay had 
a high percentage of stems. For an air temperature of 60 °F, 
Equation 17 (which is based on hay with a high percentage of 
stems) becomes 
h = 4.11 x 10~6 v1,1*1 b 3*llf (22) 
and for an air temperature of 95°F Equation 17 becomes 
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Table 8. Actual and predicted values of pressure 
drop for alfalfa-grass hay 
v Pressure drop Cinches of water) 
(cfm per Actual Predicted Predicted Predicted Predicted -
sq. ft.) from from from from 
Ecu 22 Ea. 23 Ea. 20 Ea. 21 
4.12 0.20 0.11 0.14 0.23 0.28 
9.15 0.52 0.35 0.1*4 0.69 0.86 
13.16 O.98 0.58 0.73 1.15 1.44 
20.60 1.94 1.10 1.37 2.16 2.71 
29.71 2.90 1.85 2.32 3.60 4.52 
32.15 3.51 2.08 2.61 4.04 5.07 
h = 5.1U- x 1CT6 v1-41 b3'14 (23) 
Equations 22 and 23 as well as Equations 20 and 21 have been 
used as prediction equations in Table 8. 
Pressure drops predicted from Equations 22 and 23 (based 
on tests with hay having a high percentage of stems) were 
considerably too low, while drops predicted by Equations 20 
and 21 (based on tests with moderately leafy hay) were too 
high. Values predicted by the latter equations would be on 
the safe side for this particular kind of hay. 
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Evaluation of Prediction Equations 
This investigation apparently is the first in which the 
properties of the fluid have been taken into account in deter­
mining the resistance of hay to air flow. It is also the 
first in which air flow tests have been conducted using known 
and controlled values of bulk specific weight of hay. 
Of the two approaches used to determine equations to 
predict pressure drops for different air flow rates through 
hay, the one involving the use of dry matter per unit volume 
appears to hold the most promise. Values of the exponent on 
v determined by either approach are consistent with those 
determined by other investigators. Previous investigators 
have usually expressed a relationship between pressure drop 
and air flow rate as v = a H31. This could also be written as 
H = (v/a)^n or as H = a^v^n. Values of the exponent on v 
as determined using the analysis based on air passage sizes 
in this investigation ranged from 1.34 to 1.59* In the anal­
ysis based on dry matter per unit volume the average values 
were 1.4l for alfalfa hay with a high percentage of stems 
and 1.40 for moderately leafy alfalfa hay. Values of the 
exponent on v or 1/n reported by Shedd (24) ranged from 1.30 
to 1.4l. Those reported by Hendrix (18) ranged from 1.28 to 
I.67 and those reported by Davis and Baker (10) from 1.30 to 
1.82. 
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Equations based on air passage sizes are believed to 
have been logically developed, but lack of a precise method 
of measuring air passage sizes resulted in some inconsisten­
cies. In the analysis based on air passage sizes the leafi-
ness of the hay was not taken into account. It is possible 
that this omission may account for some of the inconsistent 
results although it is believed that the shape of the parti­
cles is of less importance in this analysis than in the one 
based on dry matter per unit volume. 
When applied to data from the literature, equations based 
on dry matter per unit volume were found to predict pressure 
drops with reasonable accuracy. In order to apply these equa­
tions, however, it becomes necessary to have some index of 
the leafiness of the hay and to determine the density and 
viscosity of the air. 
Guillou (12) developed an analytical expression for the 
relationship between pressure drop and air flow rate through 
hay. The expression is H = CR3v3/^ 2/SL2 where R is the air 
dry (20 per cent moisture) weight of hay per square foot of 
floor surface, v is velocity, ! is the depth of the hay and 
C is a constant depending upon the units used in the previous 
terms, the size and shape of the hay particles, and the re­
lation of volume to air dry weight of solids. Since R/4, is 
approximately equal to b (the pounds of dry matter per cubic 
foot), R = bl may be substituted into Guillou*s equation with 
7b 
little error. The equation, would then become H = C b3v"*"e^SL 
For a one foot depth of bin Guillou's Equation would become 
O •} e 
h = C bJv * • If the air density and viscosity in Equations 
17 and 19 are considered to be included in the constant C 
(as was assumed by Guillou), they would become h = Cb3~^\r^"^-
and h = Cb3*2^v^"'^ respectively. This is considered to be 
good agreement of analytical and experimental results • 
75 
SUMMARY AND CONCLUSIONS 
The objective of this study was to determine a relation­
ship between pressure drop and air flow rate through hay 
which could be applied to flow problems encountered in drying 
hay. A relationship yas developed which depends upon the 
bulk specific weight", and moisture content of the hay and the 
viscosity and density of the air. In developing this equa­
tion a relationship between porosity and bulk specific weight 
of hay was determined. 
An attempt to develop a prediction equation which in­
cluded air passage size as one of the parameters was not 
entirely successful. An accurate method of measuring air 
passage sizes is needed if this type of equation is to be 
consistently valid. 
From the study of air flow through hay the following 
conclusions have been reached. 
1. Porosities in hay can be determined equally well by 
determining either the amount of water or of mercury required 
to fill the void spaces. 
2. The relationship between pressure drop and air flow 
rate through hay is not affected by the size of the bin if 
the bin is at least eight inches in diameter. 
3» A relative measure of the sizes of air passages in 
hay masses may be determined by shaking graded sand of known 
size through a sample of the hay. An exact measure of air 
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passage sizes is not possible by this method, however. The 
method fails for hay with a high moisture content because the 
sand sticks to the hay and to the container. 
V» The porosity of hay can be accurately calculated 
from the equation f = 100 - (3*0 + 0.0$M)b when the bulk 
specific weight and the moisture content of the hay are 
known. 
5« The moisture content of the hay does not directly 
affect the relationship between pressure drop and air flow 
rate. 
6. The direction of the hay stems relative to the di­
rection of air flow does not affect the relationship between 
pressure drop and air flow rate. 
7* For a given flow rate, the pressure drop through 
alfalfa hay with a high percentage of stems may be calculated 
from the equation 
if the bulk specific weight and moisture content of the hay 
and the density and viscosity of the air are known. 
8. For a given flow rate, the pressure drop through 
moderately leafy alfalfa hay may be calculated from the equa 
tion 
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if the moisture content and bulk specific weight of the hay 
and the density and viscosity of the air are known. 
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APPENDIX A: ORIGINAL AND CALCULATED DATA 
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Figure 21. Sketch of test bin showing the location of pressure taps 
83a 
Data for 33 sets of tests conducted during the experi­
mental phase of this study are included in the tables and 
figures which follow. A test number was assigned to each 
set of tests. The original and calculated data for a partic­
ular test number are grouped together. 
Hay used in Tests 1 through 11 was cut to a theoretical 
length of three inches using a flywheel type field forage 
harvester with a windrow pickup. Hay used in Tests 12 through 
16, 23 through 30, and Test 33 was cut directly using a 1955 
Lundell deluxe model forage harvester. Long alfalfa hay 
which had been baled was used for Tests 17 through 22, and 
long alfalfa hay mowed with a conventional sickle type mower 
was used in Tests 31 and 32. 
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Table 9» Original data for Test la 
Air flow 
rate 
(cfm per 
so. ft.) 
Plenum 
pressure 
(inches 
of water) 
Pressure 
position 
difference from one 
(inches of water) 
foot 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
4.35 0.040 0.005 0.012 0.020 0.030 
0.010 0.015 0.020 0.030 
6.53 0.070 0.015 0.025 0.038 0.050 
0.015 0.022 0.038 0.055 
8.70 0.102 0.018 0.035 0.055 0.075 
0.015 0.030 0.050 0.075 
11.62 0.160 0.030 0.045 0.080 0.115 
0.020 0.045 0.078 0.110 
17.40 0.300 0.035 0.078 0.135 0.200 
0.040 0.080 0.140 0.195 
26.10 0.470 0.082 0.160 0.260 0.390 
0.075 0.160 0.260 0.380 
34.80 0.760 0.105 0.220 O.38O 0.550 
0.105 0.220 0.380 0.550 
52.20 1.400 0.220 0.430 0.710 1.030 
- 0.210 0.420 0.700 1.010 
69.60 2.180 0.340 0.670 1.100 1.590 
0.350 0.670 1.090 1.580 
^Date of test: July 2, 1956 
Diameter of bin: 12 inches 
Kind of hay: Alfalfa cut with flywheel type harvester 
Moisture content of hay: 19*0 per cent 
Bulk specific weight of hay: 6.37 pounds per cubic foot 
Average air temperature during test: 75°F 
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Table 10. Original data for Test 2a 
Air flow 
rate 
Plénum 
pressure 
Près stiré 
position 
difference from one 
(inches of water) 
foot 
(cfm. per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
9.80 0.120 0.020 
0.020 
0.040 
0.040 
0.058 
0.058 
0.075 
0.080 
14.70 0.225 0.035 
0.040 
0.070 
0.0 75 
0.108 
0.102 
0.155 
0.150 
19.60 0.350 0.040 
0.060 
0.102 
0.098 
0.162 
0.155 
0.240 
0.230 
26.20 0.530 0.060 
0.080 
0.155 
0.158 
0.255 
0.255 
0.360 
0.360 
39.20 0.980 0.130 
0.140 
0.315 
0.310 
o
 o
 
* 
•
 
o
o
 
0.680 
0.680 
58.80 1.820 0.280 
0.280 
0.600 
0.590 
0.910 
0.920 
1.260 
1.250 
78.40 2.85 0.460 
0.V+0 
0.960 
0.960 
1.430 
1.440 
1.960 
1.960 
Date of test: July 2, 1956 
Diameter of bin: 8 inches 
Kind of hay: Same hay as in Test 1 
Bulk specific weight of hay: 6.37 pounds per cubic foot 
Average air temperature during test: 77°F 
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Table 11. Original data for Test 3a 
Air flow 
rate 
Plénum 
pressure 
Préssure 
position 
difference from one foot 
(inches of water) 
(cfm per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
9.80 0.050 0.005 
0.008 
0.015 
0.015 
0.018 
0.020 
0.025 
0.028 
14.70 0.095 
0
 0
 
s
s
 
v
x
v
x
 
0.028 
0.028 
0.042 
0.042 
0
 0
 
e
 
•
 
O
 O
 
19.60 0.150 0.020 
0.028 
0.042 
0.050 
0.075 
0.075 
0.100 
0.102 
26.20 0.235 0.030 
0.038 
0.060 
0.065 
0.110 
0.105 
0.145 
0.150 
39.20 0.425 
0
0
 
•
 
e
 
0
 0
 
3
3
 
0.110 
0.110 
0.190 
0.190 
0.265 
0.260 
58.80 0.820 0.120 
0.122 
0.240 
0.235 
0.390 
O.38O 
0.520 
0.520 
78.40 1.260 0.180 
0.175 
0.350 
0.350 
0.590 
0.590 
0.800 
0.800 
^Date of test: July 3, 1956 
Diameter of bin: 8 inches 
Kind of hay: Alfalfa cut with flywheel type harvester 
Moisture content of hay: 19*0 per cent 
Bulk specific weight of hay: 4.75 pounds per cubic foot 
Average air temperature during test: 72°F 
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Table 12. Original data for Test 4a 
Air flow 
rate 
(cfm per 
sa. ft.) 
Plenum 
pressure 
(inches 
of water) 
Pressuré 
position 
difference from oné 
(inches of water) 
foot 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
8.70 0.040 0.008 0.015 0.020 0.028 
0.005 0.012 0.020 0.025 
11.62 0.062 0.010 0.018 0.030 0.Ô40 
0.008 0.018 0.028 0.040 
17.40 0.120 0.022 0.040 0.058 0.080 
0.018 0.038 0.058 0.080 
26.10 0.210 0.035 0.050 0.095 O.138 
0.028 0.058 0.098 0.140 
34.80 0.330 0.048 0.092 0.155 0.220 
0.042 0.092 0.155 - 0.220 
52.20 0.620 0.090 0.170 0.295 0.410 
0.090 0.170 0.292 0.402 
69.60 0.970 0.140 0.270 0.460 0.630 
0.140 0.270 0.460 0.630 
^Date of tests July 4, 1956 
Diameter of bin: 12 inches 
Kind of hay: Same hay as in Test 3 
Bulk specific weight of hay: 4.75 pounds per cubic foot 
Average air temperature during test: 68°F 
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Table 13» Original data for Test 5* 
Air flow 
rate 
(cfia per 
sa. ft.) 
Plenum 
pressure 
(inches 
of water) 
Pressure 
position 
difference from one 
(inches of water) 
foot 
Position 
2 
Position Position 
4 
Position 
5 
4.35 0.105 0.020 0.040 0.060 0.080 
0.020 0.042 0.060 0.080 
6.53 0.180 0.037 0.065 0.092 0.130 
0.037 0.065 0.095 0.130 
8.70 0.260 0.045 0.095 0.135 0.185 
0.045 0.095 0.138 0.190 
11.62 O.38O 0.065 0.138 0.195 0.270 
0.070 0.142 0.205 0.280 
17.4 0.610 0.105 0.225 0.325 0.455 
0.110 0.235 0.340 0.465 
26.1 1.060 0.200 0.420 0.585 0.800 
0.210 0.435 0.610 0.815 
34.8 1.55 0.290 0.610 0.855 1.160 
0.310 0.630 0.885 1.190 
52.2 2.76 0.535 1.110 1.535 2.085 
O.57O 1.140 1.590 2.125 
69.6 4.23 0.805 1.685 2.325 3.160 
0.860 1.745 2.415 3.240 
Date of test; July 6, 1956 
Kind of bay: Alfalfa cut with flywheel type harvester 
Moisture content of hay: 16 per cent 
Bulk specific weight of hay: 8.25 pounds per cubic foot 
Porosity as measured with water : 74-» 5 per cent 
Porosity as measured with mercury: 74.0 per cent 
Average air temperature during test: 86°F 
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Table 14. Calculated data for Test 5s* 
Air flow 
rate 
(cfm per 
sa. ft.) 
V 
(ft. per 
sec.) 
h 
(inches 
of water) 
Vpvl. 
h —S /$v2 
4.35 0.073 0.020 424 8780 
6.53 0.109 0.032 639 6190 
8.70 0.145 0.047 850 5150 
11.62 0.194 0.069 1135 4220 
17.^ 0 0.290 0.115 1700 3150 
26.10 0.435 0.203 2545 2470 
34.80 0.580 0.294 3390 2010 
52.20 0.870 0.526 5090 1600 
69*60 1.160 0.799 6800 1370 
aDry matter per cubic foot: 6.93 pounds 
Air passage sizes : Not measured 
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Table 15» Original data for Test 6a 
Air flow 
rate 
Plénum 
pressure 
Pressure 
•position 
différence from one 
(inches of water) 
foot 
(cfm per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
4.35 0.058 0.010 
0.010 
0.020 
0.020 
0.032 
0.035 
0.040 
0.040 
6.53 0.098 0.017 
0.017 
0.032 
0.035 
0.057 
0.055 
0.060 
0.065 
8.70 0.140 0.025 
0.025 
0.050 
0.055 
0.075 
0.077 
0.098 
0.100 
11.62 0.205 0.040 
0.040 
0.075 
0.070 
0.118 
0.115 
0.142 
0.142 
17.40 0.400 0.060 
0.060 
0.132 
0.128 
0.210 
0.205 
0.260 
0.260 
26.10 0.630 0.100 
0.100 
0.230 
0.235 
0.360 
0.370 
0.450 
0.460 
34.80 0.970 0.160 
0.157 
0.355 
0.365 
0.555 
0.056 
0.680 
0.690 
52.20 1.750 0.300 
0.315 
0.680 
0.655 
1.020 
1.010 
1.250 
1.250 
69.60 2.640 0.500 
0.490 
1.015 
1.050 
1.535 
1.570 
1.900 
1.920 
^Date of test: July 6 and 7> 1956 
Kind of hay: Alfalfa cut with flywheel type harvester 
Moisture content of hay: 16 per cent 
Bulk specific weight of hay: 7.00 pounds per cubic foot 
Porosity as measured with water: 80.0 per cent 
Porosity as measured with mercury: 79.0 per cent 
Average air temperature: 82°F 
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Table 16. Calculated data for Test 6a 
rate (ft. per (Inches —-— * a 
(cfm per sec.) of water) A A»v 
sa. ft.) 
4.35 0.073 0.010 430 4340 
6.53 0.109 0.016 647 3060 
8.70 0.145 0.025 861 2720 
11.62 0.194 0.036 1150 2190 
17.40 0.290 0.065 1720 1760 
26.10 0.435 0.114 2580 1377 
34.80 0.580 0.171 3440 1160 
52.20 0.870 0.312 5160 943 
69.60 1.160 0.480 6890 814 
^Dry matter per cubic foot: 5*88 pounds 
Air passage sizes : Sot measured 
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Table 17» Original data for Test 7s 
Air flow Plenum 
rate pressure 
(cfm per (inches 
sa. ft.) of water) 
Pressure difference from one foot 
position (inches of water) 
Position 
2 
Position 
JL 
Position 
it-
Position 
5 
4.35 0.035 0.010 
0.010 
0.020 
0.020 
6.53 0.060 0.010 
0.015 
0.020 
0.018 
0.030 
0.028 
0.040 
0.040 
8.70 0.080 0.015 
0.015 
0.027 
0.027 
0.042 
0.042 
0.060 
0.057 
11.62 0.142 0.020 
0.020 
0.Ô40 
0.040 
0.062 
0.060 
0.080 
0.085 
17.40 0.210 0.040 
0.037 
0.062 
0.065 
0.100 
0.105 
0.140 
0.145 
26.10 0.400 0.070 
0.0 75 
0.137 
0.127 
0.205 
0.200 
0.280 
0.275 
34.80 0.580 0.100 
0.095 
0.185 
0.180 
0.290 
0.280 
0.410 
0.400 
52.20 1.010 0.175 
0.175 
0.330 
0.345 
0.505 
0.530 
0.715 
0.720 
69.60 1.550 0.280 
0.280 
0.520 
0.510 
0.770 
0.765 
1.065 
1.050 
Date of test: July 9> 1956 
Kind of hay: Alfalfa cut with flywheel type harvester 
Moisture content of hay: 16.5 per cent 
Bulk specific weight of hay: 6.00 pounds per cubic foot 
Porosity as measured with water: 82.2 per cent 
Porosity as measured with mercury: 81.5 per cent 
Average air temperature during test: 72°F 
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Table 18. Calculated data for Test 7s 
Air flow v h y£vL 
rate (ft. per (inches —«— —. 
(cfm per sec.) of water) f1 /%& 
sq. ft.) 
4.35 0.073 0.005 443 2130 
6.53 0.109 0.010 66 7 1880 
8.70 0.145 0.015 887 1600 
11.62 0.194 0.021 1188 1250 
17.40 0.290 0.036 17 75 958 
26.10 0.435 0.070 2660 830 
34.80 0.580 0.100 3550 665 
52.20 0.870 0.180 5320 535 
69.60 1.160 0.260 7100 433 
aDry matter per cubic foots 5*00 pounds 
Air passage sizes: Hot measured 
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Table 19• Original data for Test 8a 
Air flow Plenum Pressure difference from one foot 
rate pressure position Cinches of water) 
(cfm per (inches Position Position Position Position 
so. ft.) of water) 2 2 ît 5 
6.53 0.040 
O
O
 
# 
# 
0
0
 
v
x
v
x
 
0.012 
0.012 
0.018 
0.018 
0.025 
0.025 
8.70 0.060 0.015 
0.010 
0.020 
0.018 
0.027 
0.025 
0.038 
0.038 
11.62 0.080 0.017 
0.017 
0.027 
0.027 
0.040 
0.040 
0.058 
0.052 
17.40 0.140 0.027 
0.027 
0.045 
0.042 
0.070 
0.065 
0.100 
0.092 
26.10 0.262 0.042 
0.040 
0.070 
0.068 
. 0.105 
0.115 
0.165 
0.175 
34.80 0.400 0.072 
0.065 
0.120 
0.120 
0.180 
0.185 
0.260 
0.270 
52.20 0.690 0.130 
0.135 
0.225 
0.230 
0.340 
0.335 
0.500 
0.480 
69.60 1.100 0.220 
0.210 
0.365 
0.350 
0.515 
0.535 
0.715 
0.750 
)^ate of test: July 11, 1956 
Kind of hay: Alfalfa cut with flywheel type harvester 
Moisture content of hay: 13 per cent 
Bulk specific weight of hay: 5-00 pounds per cubic foot 
Porosity as measured with water: 83.8 per cent 
Porosity as measured with mercury: 84.0 per cent 
Average air temperature during test: 86°F 
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Table 20. Calculated data for Test 8a 
Airflow v h y^vL 
rate (ft. per (inches — 
(cfm per sec. ) of water) 
sa. ft.) JZ. 
2 
6.53 0.109 0.007 639 1355 
8.70 0.145 0.010 850 1095 
11.62 0.194 0.014 1135 857 
17.40 0.290 0.024 1700 656 
26.10 0.435 0.043 2545 .524 
34.80 0.580 0.066 3390 451 
52.20 0.870 0.123 5090 375 
69.60 1.160 0.185 6800 316 
aDry matter per cubic foot: 4.30 pounds 
Air passage sizes: Hot measured 
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Table 21. Original data for Test 96 
Air'flow Plenum 
rate pressure 
(cfm per (inches 
Pressure difference from one foot 
position (inches of water) 
Position 
2 
Position Position 
4 
Position 
8.70 0.030 0.010 
0.010 
- 0.020 
0.018 
11.62 0.040 
0
 O
 
•
 
«
 
0
 0
 
s
b
 
0.025 
0.028 
17.40 0.060 0.010 
0.008 
0.020 
0.017 
0.030 
0.030 
0.040 
0.040 
26.10 0.120 0.020 
0.018 0
 0
 
s
s
 
00
00
 
0
 0
 
•
 
•
 
0
 0
 
N
IN
) 0.080 
0.080 
34.80 0.180 0.020 
0.022 
0.050 
0.050 
O
 O
 
•
 
•
 
O
 O
 
0.110 
0.110 
52.20 0.330 
0
 0
 
•
 
•
 
V
I v
x
 
0.100 
0.098 O
O
 
•
 
*
 
H
H
 
0.220 
0.212 
69*60 0.490 0.077 
0.080 
0.160 
0.162 
0.245 
a.255 
0.330 
0.330 
Date of test: July 11, 1956 
Kind of hay: Alfalfa cut with flywheel type harvester 
Moisture content of hay: 14 per cent 
Bulk specific weight of hay: 4.00 pounds per cubic foot 
Porosity as measured with water: 88.7 per cent 
Porosity as measured with mercury: 87.5 per cent 
Average air temperature during test: 86°F 
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Table 22. Calculated data for Test 9a 
Air flow 
rate 
(cfm per 
sa. ft.) 
V 
(ft. per 
sec.) 
h 
(inches 
of water) -ft, • • 
(c
m 
8.70 0.145 0.005 850 548 
11.62 0.194 0.007 1135 428 
17.40 0.290 0.010 1700 273 
26.10 0.435 0.020 2545 244 
34.80 0.580 0.038 3390 260 
52.20 0.870 0.054 5090 165 
69.60 1.160 0.083 6800 142 
aDry matter per cubic foot: 3*44 pounds 
Air passage size: Not measured 
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Table 23. Original data for Test 10a 
Air flow 
rate 
Plénum 
pressure 
Pressure 
position 
difference from oné 
(inches of water) 
foot 
(cfm per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
6.53 0.075 0.012 
0.012 
0.022 
0.022 
0.038 
0.035 
0.050 
0.045 
8.70 0.110 0.018 
0.018 
0.035 
0.035 
0.050 
0.050 
0.065 
0.065 
11.62 0.160 0.025 
0.025 
0.050 
0.050 
0.075 
0.075 
0.105 
0.100 
17.40 0.300 0.055 
0.055 
0.095 
0.090 
0.140 
0.138 
0.190 
0.190 
26.10 0.510 0.085 
0.080 
0.160 
0.162 
0.240 
0.250 
0.335 
0.340 
34.80 0.760 0.130 
0.125 
0.240 
0.245 
0.370 
0.378 
0.500 
0.505 
46.40 1.170 0.205 
0.210 
0.390 
0.385 
0.580 
0.570 
0.780 
0.780 
69.60 2.200 0.430 
0.420 
0.740 
0.750 
1.100 
1.100 
1.480 
1.480 
)^ate of test: July 27, 1956 
Kind of hay: Alfalfa cut with a flywheel type harvester 
Moisture content of hay: 14 per cent 
Bulk specific weight of hay: 6.25 pounds per cubic foot 
Porosity as measured with water: 80.3 per cent; 79*4 
per cent 
Porosity as measured with mercury: 80.5 per cent 
Average air temperature during test: 88°F 
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Table 24. Air passage size data for Test 10a 
Sànd sizé - • - • • Sànd oût àftér time indicated (cc) 
(sieve) 0.0 0.2 0A 0.6 1.0 1.5 2.0 3.0 
min. min. min. min. min. min. min. •min. 
60-100 10 35 39 47 51 55 70 78 
8 45 61 70 81 85 87 88 
7 53 84 90 93 — — —  
35-48 2 16 47 64 77 81 82 
0 25 51 57 70 73 79 
0 23 43 51 65 71 76 
0.0 0.5 1.0 1.5 2.0 3.0 4.0 5.0 
min. min. min. min. min. min. min. min. 
28-35 0 44 57 64 70 
0 41 66 — 75 
0 53 64 — 75 
14-28 0 5 10 14 17 22 42 47 
0 8 14 20 25 30 33 — —  
0 7 19 24 32 37 40 
0.0 2.0 4.0 6.0 8.0 
min. min. min. min. min. 
10-14 0 1 3 4 5 
0 1 - - 2 
8-10 0 2 
0 — - - 0 
aSize of bay sample used: 2000 cc 
Quantity of sand poured in: 100 cc 
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Figure 22. Relationship between per cent of sand passing 
and shaking time for Test 10 
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Table 25» Data for determining average air 
passage size for Test 10a 
Sand size Per cent Average Per cent Weighting 
(sieve) retained passage size each passage 
(inches) size 
60-100 15 0.0039 15 0.0585 
35-48 30 0.0109 15 0.1635 
28-35 35 0.0169 5 0.0845 
14-28 65 0.0272 30 0.8160 
10-14 97 0.0450 32 1.440 
8-10 100 0.0672 3 0.202 
2.7645 
^Weighted average passage size = = 0.028 inch 
Table 26. Calculated data for Test 10* 
Air flow 
rate 
(cfm per 
sq. ft.) 
V 
(ft. per 
sec.) " 
h 
(inches 
of water) 
/frvL D 
wc 
(ft. per 
sec. ) 
ZFvcm P 
ytt ' t
o 
v • A ' ' 
6.53 0.109 0.012 633 2300 0.136 1.83 5900 
8.70 0.145 0.016 842 1780 0.181 2.43 4580 
11.62 0.194 0.026 1125 1580 0.243 3.25 4030 
17.40 0.290 0.048 1685 1305 0.363 4.87 3330 
26.10 0.435 0.084 2520 1030 0.544 7.30 2635 
34.80 0.580 0.126 3360 862 0.725 9.72 2210 
46.40 0.756 0.195 5050 790 0.945 12.70 2020 
69.60 1.160 0.370 6750 635 1.453 19.50 1620 
aDry matter per cubic foot: 5*28 pounds 
Air passage sizesi 0.028 inches 
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Table 27. Original data for Test lla 
Air flow 
rate 
Plénum 
pressure 
Pressure 
position 
difference from one 
(inches of water) 
foot 
(cfin. per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
8.70 0.028 0.010 
0.010 
0.020 
0.020 
11.62 0.045 0.015 
0.015 
0.030 
0.030 
17.40 0.080 
0
0
 
0.025 
0.028 
0.040 
0.040 
0.055 
0.055 
26.10 0.160 0.025 
0.025 0
 0
 
# 
# 
0
0
 
#
3
 
0.078 
0.078 
0.100 
0.100 
34.80 0.202 0.025 
0.025 
0.065 
0.062 
0.102 
0.100 
0.138 
0.135 
52.20 0.395 0.065 
0.060 
0.138 
0.135 
0.198 
0.200 
0.260 
0.265 
69.60 0.640 0.105 
0.105 
0.230 
0.220 
0.340 
0.330 
0.430 
0.430 
Date of test: August 1, 1956 
Kind of bay: Alfalfa cut with a flywheel type harvester 
Moisture content of hay: 20 per cent 
Bulk -specific weight of hay: 4.75 pounds per cubic foot 
Porosity as measured with water : 85-0 per cent 
Porosity as measured with mercury: 85.0 per cent 
Average air temperature during test: 75°F 
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Table 28. Air passage size data for Test lla 
Sand size Sànd out after time indicated (ce) 
(sieve) 0.0 0.2 OA 0.6 1.0 1.5 2.0 
min. min. min. min. min. min. min. 
60-100 27 71 78 81 83 85 85 
27 81 84 — 87 — 88 
35-48 14 57 77 80 80 84 
18 62 70 72 77 — 79 
28-35 10 40 48 63 68 75 77 
8 26 49 61 64 68 74 
0.0 0.5 1.0 1.5 2.0 3.0 4.0 
min. min. min. min. min. min. min. 
14-28 0 26 39 51 55 62 
0 31 44 49 51 56 
10-14 0 12 19 22 25 33 
0 4 12 17 25 32 34 
0.0 1.0 2.0 4.0 6.0 
min. min. min. min. min. 
8-10 0 1 2 3 4 
0 1 6 9 12 
4-8 0 - - - 1 
aSize of hay sample used: 2000 cc 
Quantity of sand poured ins 100 cc 
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100 
Numbers en Curves 
Indicate Sand Sizes 60-100 
35-4 
80 
28-35 
t— 
LU 
U 
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ÛL 
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en 
20 
8 - 1 0  
4 - 8  
0 2 3 4 5 
SHAKING TIME, MINUTES 
Figure 23» Relationship between per cent of sand passing 
and shaking time for Test 11 
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Table 29 • Data for determining average air 
passage size for Test lla 
Sand size Per cent Average Per cent Weighting 
(sieve) retained passage size each passage 
(inches) size 
60-100 15 0.0039 15 0.0585 
35-48 22 0.0109 7 0.0763 
28-35 36 0.0169 14 0.237 
14-28 50 0.0272 14 0.380 
10-14 70 0.0450 20 0.900 
8-10 94 0.0672 24 1.615 
4-8 99 0.1090 5 0.545 
Above 4 100 0.1850 1 0.185 
3-9968 
^Weighted average passage size = 3= 0.040 inch 
Table 30. Calculated data for Test 11* 
Air flow 
rate 
(cfm per 
sq. ft.) 
V 
(ft. per 
sec. ) 
h 
(inches 
of water) 
Zfvl p vc 
(ft. per 
sec. ) 
/Fvcm P 
/l-v2 A /%" 
8.70 0.145 0.005 8 77 536 0.171 3.45 1542 
11.62 0.194 0.008 1175 450 0.228 4.61 1295 
17.40 0.290 0.014 1753 368 0.341 6.88 1065 
26.10 0.435 0.025 2640 298 0.512 10.35 860 
34.80 0.580 0.034 3520 229 0.682 13.79 663 
52.20 0.870 0.066 5280 196 1.025 20.70 563 
69.60 1.160 0.108 7050 180 1.368 27.60 518 
aDry matter per cubic foot: 3*80 pounds 
Air passage sizes: 0.040 inch 
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Table 31. Original data for Test 12a 
Air flow 
rate 
Plenum 
pressure 
Pressure 
position 
difference from one 
(inches of water) 
foot 
(cfm per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
* 
6.53 0.032 
0.005 
0.012 
0.012 
0.018 
0.018 
0.022 
0.022 
8.70 0.045 0.008 
0.008 
0.018 
0.018 
0.022 
0.025 
0.035 
0.035 
11.62 0.070 0.015 
0.015 
0.025 
0.022 
0.038 
0.038 
O
 O
 
•
 
.
 
O
O
 
17-40 0.120 0.025 
0.028 
0
0
 # $ 
0
0
 
0.068 
0.065 
0.088 
0.085 
26.10 0.218 0.042 
0.040 
0.082 
0.080 
0.115 
0.115 0
0
 
•
 
.
 
H
H
 
CD
 0
0 
34.8 0.310 
0
0
 
•
 
•
 
0
 0
 
3
3
 
0.100 
0.102 
0.145 
0.150 
0.202 
0.198 
52.2 0.600 0.115 
0.120 
0.220 
0.220 
0.315 
0.305 
0.405 
0.415 
69.60 0.960 0.210 
0.200 
0.375 
0.375 
0.490 
0.510 
0.670 
0.660 
Date of test: August 2, 1956 
Kind of hay: Mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 64 per cent 
Bulk specific weight of hay: 8.00 pounds per cubic foot 
Porosity as measured with water: 82.4 per cent 
Porosity as measured with mercury: 82.5 per cent 
Average air temperature during test: 76°F 
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Table 32. Original data for Test 13a 
Air flow 
rate 
Plenam 
pressure 
Pressure 
•position 
difference from one 
(inches of water) 
foot 
(cfm per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
4.35 0.025 0.005 
0.005 
0.010 
0.010 
0.015 
0.015 
0.018 
0.020 
6.53 0.040 
CO 
VN 
8
8
 $ 
# 
O
 O
 
0.015 
0.015 
0.020 
0.020 
0.028 
0.025 
8.70 0.055 0.010 
0.010 
0.018 
0.020 
0.025 
0.028 
•
 # 
O
O
 
11.62 0.080 0.012 
0.015 
0.025 
0.025 
§
1
 
•
 
•
 
0
 0
 0
 0
 
•
 
•
 
0
0
 
17*40 0.160 0.025 
0.025 0
0
 
•
 
« 
0
0
 
o
v
x
 CN
tN
.
 
0
0
 
•
 
•
 
0
0
 
0.102 
0.102 
26.10 0.300 0.040 
0.Ô40 
0.082 
0.090 
0.145 
0.150 
0.200 
0.200 
34.80 0.462 
I
I
 
•
 
•
 
O
O
 
0.145 
0.142 
0.225 
0.235 
0.315 
0.315 
46.40 0.715 0.115 
0.118 0
 0
 
bb
 
0
0
 
0.378 
0.365 
0.490 
0.490 
69*60 1*350 0.240 
0.240 
0.450 
0.480 
0.700 
0.720 
0.930 
0.940 
Date of test: August 4, 1956 
Kind of hay: Mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 30 per cent 
Bulk specific weight of hay: 5*65 pounds per cubic foot 
Porosity as measured with water: 83*4 per cent 
Porosity as measured with mercury: 84.0 per cent 
Average air temperature during test: 85°F 
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Table 33» Original data for Test l4a 
Air flow 
rate 
(cfm per 
sa. ft.) 
Plenum 
pressure 
(inches 
of water) 
Pressure 
position 
difference from one 
(inches of water) 
foot 
Position 
2 
Position 
3 
Position 
4 
Position 
6.53 0.030 0.005 0.008 0.015 0.020 
0.005 0.010 0.015 0.020 
8.70 0.045 0.005 0.015 0.022 0.032 
0.005 0.015 0.020 O.O32 
11.62 0.070 0.010 0.020 0.035 0i048 
0.012 0.022 0.035 0.048 
17.40 0.130 0.020 0.040 0.062 0.088 
0.020 0.040 0.062 0.088 
26.10 0.240 0.042 0.085 0.130 0.175 
0.042 0.082 0.130 0.175 
34.80 0.370 0.070 0.138 0.200 0.270 
0.065 0.130 0.200 0.265 
52.20 0.680 0.120 0.240 0.365 0.480 
0.120 0.250 O.36O 0.480 
69.60 1.140 0.185 O.38O 0.560 0.735 
0.190 0.375 0.565 0.742 
Date of test: August 6, 1956 
Kind of hay: Mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 26 per cent 
Bulk specific weight of hay: 5»00 pounds per cubic foot 
Porosity as measured with water: 84.6 per cent 
Porosity as measured with mercury: 85.0 per cent, 
86.0 per cent 
Average air temperature during test: 78°F 
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Table 3*+. Air passage size data for Test l4a 
Sand size Sand out after time indicated (cc) 
(sieve) 0.0 0.2 0.4 0.6 1.0 1.5 2.0 
min. min. min. min. min. min. min. 
48-100 9 62 70 71 _ _  _ _  72 
5 55 70 76 78 79 80 
35-48 5 40 47 65 72 74 75 
l 28 50 58 66 67 
28-35 l 17 26 35 42 68 73 
0 17 52 62 65 76 79 
o.5 1.0 1.5 2.0 3.0 4.0 5.0 
min. min. min. min. min. min. min. 
14-28 23 54 56 57 
6 13 15 22 52 56 — —  
14 20 25 27 34 44 45 
1.0 2.0 3.0 4.0 5.0 
min. min. min. min. min. 
10-14 4 8 10 31 3$ 
1 7 11 23 26 
8-10 0 0 
— — 0 — — 0 
aSize of hay sample: 2000 cc 
Quantity of sand poured in: 100 cc 
Ill 
100 
80 
LU 
o 
tr 60 
u 
CL 
o 
en 
g 40 
CL 
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< 
co 
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01 
48-100 
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35-48^ 
/28-35 
1 1  l4-28_____, 
i / A z 
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/ 
| 
0 2 3-
SHAKING TIME, MINUTES 
Figure 2b. Relationship "between per cent of sand passing 
and shaking time for Test l4 
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Table 35» Data for determining average air 
passage size for Test l4a 
Sand size Per cent Average Per cent Weighting 
(sieve) retained passage size each passage 
(Inches) size 
48-100 25 0.0044 25 0.110 
35-48 30 0.0114 5 0.057 
28-35 32 0.0169 2 0.034 
14-28 50 0.0272 18 0.480 
,10-14 75 0.0450 25 1.125 
8-10 100 0.0672 25 1.680 
3-486 
^Weighted average passage size = = 0.035 inch 
Table 36. Calculated data for Test l4a 
Air flow 
rate 
(cfm per 
SQ. ft.) 
V 
(ft. per 
sec.) 
h 
(inches 
of water) 
/FvL P ZS-vm P 
ve 
(ft. per 
sec. ) 
/W P 
n* V 
/o • /Fv2 A /Fvc5 
6.53 0.109 0.005 651 954 1.90 3810 0.128 2.24 2760 
8.70 0.145 0.008 867 865 2.53 3450 0.171 2.98 2490 
11.62 0.194 0.012 1160 725 3.39 2900 0.228 3.98 2090 
17.40 0.290 0.022 1734 594 5.06 2370 0.341 5.95 171? 
26.10 0.435 0.044- 2600 525 7.59 2100 0.512 8.93 1516 
34.80 0.580 0.007 3460 450 10.10 1800 0.682 11.90 1302 
52.20 0.870 0.120 5200 361 15.20 1440 1.025 17.90 io4o 
69.60 1.160 0.185 6940 311 20.20 1245 1.368 23.85 897 
aDry matter per cubic foot: 3*7° pounds 
Air passage sizes: 0,035 inch 
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Table 37» Original data for Test 158, 
Air flow Plenum. Pressure difference from one foot 
rate pressure -position Cinches of water) 
(cfïn per Cinches Position Position Position Position 
sa. ft.) of water) 2 3 4 5 
6.53 0.040 0.005 
0.005 
0.015 
0.015 
0.020 
0.022 
0.028 
0.030 
8.70 0.055 0.010 
0.010 
0.020 
0.020 
0.032 
0.030 
0.040 
0.040 
11.62 0.080 0.015 
0.012 
0.030 
0.028 
0.042 
0.045 
0.060 
0.060 
17-40 0.140 0.022 
0.022 
0.050 
0.050 
0.070 
0.075 
0.100 
0.100 
26.10 0.255 0.040 
o.o4o 
0.080 
0.080 
0.130 
0.125 
0.185 
0.175 
34.80 0.430 0.075 
0.078 
0.158 
0.158 
0.230 
0.232 
0.310 
0.315 
52.20 0.730 0.135 
0.122 
0.280 
0.278 
0.420 
0.415 
0.560 
0.555 
69.60 1.260 0.200 
0.200 
0.435 
0.425 
0.645 
0.640 
0.865 
0.860 
Date of test: August 7$ 1956 
Kind of hay: Mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 19*5 per cent 
Bulk specific weight of hay: 5*00 pounds per cubic foot 
Porosity as measured with water: 85 per cent 
Porosity as measured with mercury: 85 uer cent 
Average air temperature during test: 74-eF 
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Table 38. Air passage size data for Test 153 
Sand size Sand out after time indicated (cc) 
(sieve) 0.0 0.2 0.4 0.6 1.0 2.0 3.0 
min. min. min. min. min. min. min. 
48-100 10 73 83 86 88 92 
8 58 79 88 90 91 
35-48 3 38 71 79 80 88 
2 27 57 68 77 86 
28-35 1 31 55 63 71 77 ** «• 
1 8 15 18 37 71 76 
0.5 1.0 1.5 2.0 3.0 4.0 
min. min. min. min. min. min. 
14-28 19 32 41 45 53 59 
15 32 49 55 59 60 
1.0 2.0 3.0 4.0 5.0 7.0 9.0 
min. min. min. min. min. mlri. min. 
10-14 0 0 1 6 8 13 
11 17 19 20 
1 4 7 9 15 18 19 
8-10 0 0 0 
aSize of hay sample: 2000 cc 
Quantity of sand poured in: 100 cc 
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Figure 25« Relationship between per cent of sand passing 
and shaking time for Test 15 
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Table 39» Data for determining average air 
passage size for Test I5a 
Sand size Per cent Average Per cent Weighting 
(sieve) retained passage size each passage 
(inches) size 
48-100 15 0.0044 15 0.066 
35-48 25 0.0114 10 0.114 
28-35 30 0.0169 5 0.084 
14-28 55 0.0272 25 0.680 
10-14 85 0.0450 30 1.350 
8-10 100 0.0672 15 1.010 
3.304 
^Weighted average passage size = = 0.033 inch 
Table 40. Calculated data for Test I5a 
Air flow 
rate 
(cfm per 
sa. ft.) 
V 
(ft. per 
sec. ) 
h 
(inches 
of water) 
P 
/Fvm P V (ft. per 
sec.) 
/W P 
p 
V 
y# • 
cx
i 
y 
/F*/ 
6.53 0.109 0.007 662 1370 1.83 5480 0.128 2.14 3970 
8.70 0.145 0.010 880 1065 2.42 4270 0.171 2.85 3080 
11.62 0.194 0.015 1175 900 3.24 3590 0.228 3.80 2590 
17.40 0.290 0.025 1753 670 4.83 2670 0.341 5.69 1935 
26.10 0.435 0.045 2640 535 7.27 2240 0.512 8.54 1547 
34.80 0.580 0.078 3520 521 9.70 2080 0.682 11.38 1510 
52.20 0.870 0.139 5280 415 14.55 1660 1.050 17.10 1195 
69.60 1.160 0.216 7050 360 19.42 1440 1.870 22.80 1038 
aDry matter per cubic foot: 4.01 pounds 
Air passage sizes: 0.033 inch 
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Table 4l. Original data for Test 16 SË. 
Air flow 
rate 
(cfm per 
sa. ft.) 
Plenum 
pressure 
(inches 
of water) 
Pressure 
"Dosition 
difference from one 
(inches of water) 
foot 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
8.70 0.038 0.008 0.015 0.020 0.028 
0.005 0.015 0.020 0.025 
11.62 0.055 0.018 0.025 0.038 
0.008 0.018 0.028 0.038 
17.40 0.110 0.018 0.035 0.055 0.072 
0.015 0.032 . 0.052 0.065 
26.10 0.210 0.035 0.065 0.102 0.140 
0.035 . 0.065 0.102 0.140 
69.6 0.980 0.145 0.340 0.520 0.680 
0.170 0.360 0.530 0.690 
Date of test: August 8, 1956 
Kind of hays Mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 18«5 per cent 
Bulk specific weight of hay: 4*30 pounds per cubic foot 
Porosity as measured with water : 86.0 per cent 
Porosity as measured with mercury: 86.5 per cent 
Average air temperature during test: 80°F 
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Table 42. Air passage size data for Test l6a 
Sand size Sand out after time indicated (cc) 
(sieve) 0.0 0.2 0.4 0.6 1.0 - 1.5 2.0 
min. min. min. min. m1n. min. m1n. 
48-100 20 91 93 96 
14 94 96 96 96 
35-48 10 88 95 96 96 
4 71 82 91 93 
12 86 93 94 94 
28-35 4 50 76 79 80 84 
4 58 74 82 85 87 
14-28 1 21 26 34 35 36 42 
1 20 33 4l 50 57 60 
0.5 1.0 2.0 3.0 4.0 6.0 8.0 
min. min. min. min. min. min. min. 
10-14 0 3 7 10 13 16 
0 17 21 26 31 33 ——-
0 1 4 5 7 11 12 
8-10 0 1 2 
1 3 4 
aSize of hay sample: 2000 cc 
Quantity of sand poured in: 100 cc 
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Figure 26. Relationship "between per cent of sand passing 
and shaking time for Test 16 
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Table 43. Data for determining average air 
passage" size for Test l6a 
Sand size Per cent Average Per cent Weighting 
(sieve) retained passage size each passage 
(inches) size . 
48-100 7 0.0044 7 0.031 
35-48 10 0.0114 3 0.034 
28-35 20 0.0169 10 0.169 
14-28 60 0.0272 40 1.090 
10-14 86 0.0450 26 1.172 
8-10 98 0.0672 12 0.817 
4-8 100 0.109 2 0.218 
3.531 
^Weighted average passage size = = 0.035 inch 
Table 44. Calculated data for Test l6a 
Air flow v h /riVL v. //J p 
rate (ft. per (inches < • P a fft ° ^ 0 P P 
(cfm per sec.) of water) >* ' /rV y< Z^v. 
sq. ft.) * sec.; j c 
8.70 0.145 0.007 860 733 0.169 2.94 2170 
11.62 0.194 0.010 1150 576 0.226 3.94 1700 
17.40 0.290 0.017 1720 461 0.338 5.90 1360 
26.10 0.435 0.035 2580 422 0.506 8.83 1245 
69.60 1.160 0.171 6900 291 1.350 23.60 860 
aDry matter per cubic foot: 3*50 pounds 
Air passage sizes: 0.35 inch 
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Table 45. Original data for Test 17a 
Air flow-
rate 
(cfm per 
sa .~ ft. ) 
Plenum 
pressure 
(inches 
of water) 
Pressure 
position 
difference from one foot 
(inches of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
11.62 0.020 0.005 0.010 0.015 0.020 
— — — — — — — —  0.012 0.015 
17*40 0.050 0.010 0.018 0.025 0.035 
0.010 0.018 0.025 0.035 
26.10 0.090 0.015 0.022 0.038 0.055 
0.015 0.028 0.038 0.052 
34.80 0.115 0.015 0.030 0.045 0.062 
0.018 0.032 0.048 0.065 
52.20 0.235 0.040 0.070 0.105 0.140 
0.035 0.065 0.105 0.138 
69.60 O.38O 0.060 0.115 0.178 0.230 
0.065 0.120 0.180 0.235 
Date of test: August 9, 1956 
Kind of hays Long alfalfa from bale 
Moisture content of hays 20 per cent 
Bulk specific weight of hays 3*40 pounds per cubic foot 
Porosity as measured with waters 09*3 per cent 
Porosity as measured with mercurys 89.5 per cent 
Average air temperature during test: 84°F 
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Table 46. Original data for Test 18s 
Air flow Plenum Pressure difference from one foot 
rate pressure position (inches of water) 
(cfm per (inches Position Position Position Position 
sq. ft.) of water) 2 2 Î£ 5 
11.62 0.022 
-
0.008 
0.008 
0.015 
0.015 
17.40 0.032 0.008 
0.008 
0.015 
0.015 
0.020 
0.020 
26.10 0.065 0.008 
0.008 
0.020 
0.020 
0.030 
0.030 
0.040 
0.040 
34.80 — — — — 0.015 
0.015 
0.028 
0.030 
0.040 
0.040 
0.055 
0.058 
52.20 0.140 0.020 
0.018 
0.042 
0.040 
0.060 
0.060 
0.080 
0.080 
69.60 0.265 0.030 
0.038 
0.080 
0.080 
0.115 
0.120 
0.160 
0.160 
Date of test: August 13, 1956 
Kind of hay: Long alfalfa from bale 
Moisture content of hay: 17 per cent 
Bulk specific weight of hay: 3*62 pounds per cubic foot 
Porosity as measured with water: 88.2 per cent, 
88.5 per cent 
Porosity as measured with mercury: 58.0 per cent, 
89.0 per cent 
Average air temperature during test: 85®F 
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Table 47. Original data for Test 19a 
Air flow 
rate 
(cfm per 
sa. ft.) 
Plénum " 
pressure 
(inches 
of water) 
Pressure 
position 
difference from one 
(inches of water) 
foot 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
11.62 0.018 0.005 0.012 
0.005 0.010 
17*40 0.030 0.005 0.010 0.015 0.020 
0.005 0.010 0.015 0.018 
26.10 0.055 0.008 0.018 0.022 0.035 
0.005 0.015 0.022 0.035 
34.80 0.090 0.015 0.035 0.045 0.060 
0.015 0.035 0.045 0.060 
46.40 0.125 0.020 0.042 0.060 0.080 
0.020 0.042 0.060 0.080 
69.60 0.260 0.040 0.078 0.115 0.155 
0.032 0.075 0.105 0.150 
Date of test: August 14, 1956 
Kind of hay: Long alfalfa from bale 
Orientation of stem: Parallel to direction of air flow 
Moisture content of hay: 17 per cent 
Bulk specific weight of hay: 3*62 pounds per cubic foot 
Porosity as measured with water: 89«2 per cent, 
88.5 per cent 
Porosity as measured with mercury: 88.0 per cent, 
89.O per cent 
Average air temperature during test: 76°F 
127 
Table 48. Original data for Test 20a 
différence Air flow Plénum Préssûre from one foot 
rate pressure position (inches of water) 
(cfm per (inches Position Position Position Position 
sa. ft.) of water) 2 3 4 5 
11.62 0.022 0.008 0.018 
0.008 0.015 
17.40 0.042 0.008 0.015 0.020 0.025 
0.008 0.015 0.020 0.028 
26.10 0.075 0.012 0.025 0.038 0.050 
0.012 0.025 0.038 0.050 
34.80 0.110 0.020 0.040 0.055 0.070 
0.015 0.035 0.050 0.065 
52.20 0.230 0.038 0.072 0.100 0.140 
0.03'8 0.072 0.100 0.140 
69.60 0.390 0.065 0.122 0.180 0.240 
0.065 0.122 0.180 0.240 
^Date of test: August 14, 1956 
Kind of hay: Long alfalfa from hale 
Orientation of stems: Perpendicular to direction of 
air flow 
Moisture content of hay: l4 per cent 
Bulk specific weight of hay: 3.62 pounds per cubic foot 
Porosity as measured by water: 89«2 per cent, 
88.5 per cent 
Porosity as measured by mercury: 88.0 per cent, 
89.0 per cent 
Average air temperature during test: 82°F 
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Table 49- Calculated data for Test 20a 
Air flow " 
rate 
(cfln. per 
sa. ft.) 
V 
(ft. per 
sec. ) 
h 
(inches 
of water) 
/FVL 
A -p 
11.62 0.194 0.004 1130 262 
17.40 0.290 0.007 1690 186 
26.10 0.435 0.013 2530 153 
34.80 0.580 0.017 3380 115 
52.20 0.870 0.035 5070 10 7 
69.60 1.160 0.060 6750 103 
aDry matter per cubic foot: 3«12 pounds 
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Table 50. Original data for Test 21a 
Air flow Plénum Pressure differencé from one foot 
rate pressure position Cinches of water) 
(cfm per (inches Position Position Position Position 
sq. ft.) of water) 2 3 ît 5 
11.62 0.022 0.010 
0.010 
0.018 
0.018 
17*40 0.045 0.008 
0.008 
0.018 
0.018 
0.025 
0.028 
0.035 
0.035 
26.10 0.072 0.015 
0.015 
0.030 
0.028 
0.040 
0.038 
0
 0
 
•
 # 
0
0
 
34.80 0.115 0.020 
0.018 
0.042 
0.040 
0.060 
0.060 
0.080 
0.080 
52.20 0.220 0.038 
0.038 
0.078 
0.075 
0.105 
0.108 
0.150 
0.145 
69*60 0.370 
0
 0
 
•
 
•
 
0
 0
 
0.120 
0.120 
O.178 
0.170 
0.240 
0.240 
)^ate of test: August 15, 1956 
Kind of hay: Long alfalfa from bale 
Orientation of stems: Random 
Moisture content : 15«5 per cent 
Bulk specific weight of hay: 3*4-5 pounds per cubic foot 
Porosity as measured with water: 89*2 per cent, 
88.5 per cent 
Porosity as measured with mercury: 88.0 per cent, 
89.O per cent 
Average air temperature during test: 86°F 
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Table 51 • Calculated data for Test 21a 
Air flow 
rate 
(cfm per 
so. ft.) 
V 
(ft. per 
sec. ) 
h' 
(inches: 
of water) pL • 
P 
4^ 
11.62 0.194 0.005 1134 276 
17.40 0.290 0.009 1695 239 
26.10 0.435 0.013 2540 161 
34.80 0.580 0.020 3390 137 
52.20 0.870 0.037 5080 113 
69.60 1.160 0.060 6780 103 
^Dry matter per cubic foot: 2.91 pounds 
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Table 52. Original data for Test 22a 
Air flow 
rate 
(cfm per 
sa. ft.) 
Plénum 
pressure 
(inches 
of water) 
Pressure 
position 
différence from one 
(inches of water ) 
foot 
Position 
2 
Position 
3 
Position 
4 
Position 
• 5 
11.62 0.035 0.010 0.020 
0.010 0.020 
17.40 0.060 0.010 0.020 0.032 0.042 
-
0.010 0.020 0.035 0.045 
26.10 0.100 0.015 0.035 0.055 0.075 
0.018 0.038 0.055 0.075 
34.80 0.175 0.032 0.065 0.100 O.I32 
0.032 0.065 0.098 0.130 
52.20 0.320 0.058 0.118 0.180 0.230 
0.058 0.120 0.180 0.230 
69.60 0.520 0,078 0.178 0.285 0.375 
0.075 0.170 0.282 0.375 
Date of test: August 16, 1956 
Kind of hay: Long alfalfa from bale 
Orientation of stems: Random 
Moisture content of hay: 15«5 per cent 
Bulk specific weight of hay: 4.35 pounds per cubic foot 
Porosity as measured with water: 85.6 per cent, 
85.7 per cent 
Porosity as measured with mercury : 85.2 per cent, 
87.0 per cent 
Average air temperature during test: 82°F 
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Table 53 • Calculated data for Test 22 
Air flow v fa. A.VL 
rate (ft. per (inches —— -—^-sr 
(cfm per sec.) of water) fi Av 
so. ft.) 
11.62 0.194 0.005 1150 304 
17.40 0.290 0.011 1720 292 
26.10 0.435 0.019 2580 226 
34.80 0.580 0.033 3^ 40 222 
52.20 0.870 0.057 5160 174 
69.60 1.160 0.093 6900 159 
^Dry matter per cubic foot: 3.68 pounds 
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Table 54. Original data for Test 23a 
Air flow-
rate 
(cfm per 
sa. ft.) 
Plenum 
pressure 
(inches 
of water) 
Pressure 
position 
difference from one 
(inches of water) 
foot 
Position 
2 
Position 
1 
Position 
4 
Position 
5 
6.53 0.030 0.008 0.018 
0.008 0.018 
8.70 0.040 0.008 0.015 0.022 0.032 
• - 0.008 0.015 0.022 0.030 
11.62 0.062 0.010 0.020 0.032 0.045 
0.010 0.020 0.035 0.045 
17.40 0.120 0.015 0.038 0.058 0.078 
0.018 0.038 0.058 0.078 
26.10 0.320 0.035 0.075 0.115 0.155 
0.035 O.O75 0.115 0.155 
34.80 0.350 0.045 0.098 0.160 0.220 
0.042 0.098 0.160 0.220 
52.20 0.670 0.080 0.200 0.330 0.440 
0.080 0.200 0.320 0.440 
69.6 1.060 0.140 0.335 0.530 0.700 
0.140 0.340 0.530 0.700 
^Date of test: August 17, 1956 
Kind of hay: Alfalfa cut with a flail type harvester 
Moisture content of hay: 15»5 per cent 
Bulk specific weight of hay: 4.32 pounds per cubic foot 
Porosity as measured with water: 85*2 per cent, 
86.2 per cent 
Porosity as measured with mercury: 87*0 per cent, 
85*5 per cent 
Average air temperature during test: 78°F 
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Table 55» Air passage size data for Test 23a 
Sàrid size Sand out after time indicated Cce) 
(sieve) 0.0 0.1 0.2 0.4 0.6 1.0 2.0 
min. min. min. min. min. min. min. 
48-100 9 29 49 72 88 89 
24 4-5 57 85 91 92 
35-48 2 28 38 77 84 90 
14 37 54 86 87 88 
28-35 3 8 14 27 45 82 
9 14 21 48 64 80 81 
14-28 0 2 4 10 27 45 
4 15 18 23 31 50 
0.0 0.5 1.0 2.0 " 3.0 5.0 7.0 
min. min. min. min. min. min. min. 
10-14 0 11 21 25 29 35 
0 13 21 25 34 44 
8-10 0 2 4 6 16 29 31 
0 1 mm ew • 2 4 10 
0 1 2 — 3 4 5 
4-8 0 0 0 
aSize of hay sample: 2000 cc t 
Quantity of sand poured in: 100 cc 
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and shaking time for Test 23 
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Table 56. Data for determining average air 
passage size for Test 23a 
Sànd size 
(sieve) 
Per cent 
retained 
Average 
passage size 
(inches) 
Per cent 
each passage 
size 
Weighting 
48-100 12 0.0044 12 0.053 
35-48 15 0.0114 3 0.034 
28-35 20 0.0169 5 0.083 
14-28 70 0.0272 50 1.362 
10-14 80 0.0450 10 0.450 
8-10 95 0.0672 15 1.010 
4-8 100 0.109 5 0.545 
3.537 
^Weighted average passage size = = 0.035 inch 
Table 57» Calculated data for Test 23a 
Air flow 
rate 
(cfm per 
sq. ft.) 
V 
(ft. per 
sec* ) 
h 
(inches 
of water) 
/FVL D /|vm P *C 
(ft. per 
sec. ) 
/FV P 
• • y|v2 yU 
6.53 0.109 0.005 656 855 1.90 3420 0.127 2.22 2530 
8.70 0.145 0.008 875 835 2*54 3340 0.169 2.92 2470 
11.62 0.194 0.011 1 1170 678 3*39 2750 0.226 3.96 1995 
17.40 0.290 0.020 1750 525 5.07 2100 0.338 5.92 1550 
26.10 0.435 O.O36 2620 464 7*59 1850 0.506 8.85 1370 
34.80 0.580 0.055 3490 370 10.12 1480 0.675 11.82 1092 
52.20 0.870 0.110 5240 330 15.20 1320 1.012 17.70 970 
69*60 1.160 0.175 7000 294 20.30 1175 1.350 23.60 855 
aDry matter per cubic foot* 3*65 pounds 
Air passage sizes* 0.035 inch 
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Table 58. Original data for Test 24a 
Air flow 
rate 
Plenum, 
pressure 
Pressure 
position 
difference from one 
(inches of water) 
foot 
Ccfm per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
,Position 
' 5 
6.53 0.045 0.015 
0.015 
0.030 
0.030 
8.70 0.058 0.010 
0.010 
0.020 
0.020 
0.032 
0.032 
0.042 
0.042 
11.62 0.090 0.015 
0.015 
0.030 
0.030 
0.045 
0.045 
0.060 
0.060 
17.40 0.160 0.025 
0.025 0
 0
 
•
 • 
•
 
0
 0
 
ta
ts
 
0.078 
0.078 
0.105 
0.105 
26.10 0.295 0.042 
0.042 
0.085 
0.095 
0.135 
0.135 
0.185 
0.185 
34.80 0.455 0.072 
0.068 
0.140 
0.138 
0.210 
0.215 
0.295 
0.295 
52.20 0.840 0.120 
0.125 
O.27O 
0.275 
0.418 
0.415 
0.555 
0.555-
69.60 1.330 0.215 
0.215 
0.44-5 
0.450 
0.655 
0.670 
0.880 
0.880 
^Date of test: August 17, 1956 
Kind of hays Alfalfa cut with a flail type harvester 
Moisture content of hay: 16.5 per cent 
Bulk specific weight of hay: 4.82 pounds per cubic foot 
Porosity as measured with water : 83.8 per cent, 
83.9 per cent 
Porosity as measured with mercury: 85.0 per cent, 
84.0 per cent 
Average air temperature during test: 78°F 
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Table 59• Air passage size data for Test 24a 
Sand size Sand out after time indicated Ccc) 
(sieve) 0.0 0.1 0.2 0.4 0.6 1.0 1.2 
min. min. min. min. min. min. min 
48-100 15 35 58 83 86 89 
12 30 60 87 89 89 
13 4l 80 93 94 94 
35-48 4 14 19 40 58 89 91 
4 13 29 62 87 93 — —  
4 18 46 88 92 93 — — 
28-35 1 11 19 36 42 67 72 
3 12 29 42 65 69 76 
1 13 33 48 57 71 74 
0.0 0.4 1.0 2.0 3.0 5.0 7.0 
•min. min. min. min. min. min. min 
14-28 0 27 33 ^3 50 56 __ 
0 15 36 56 63 65 — — 
10-14 0 l 2 5 6 11 13 
0 1 2 5 8 12 14 
8-10 0 0 0 0 
aSize of hay sample: 2000 cc 
Quantity of sand poured in: 100 cc 
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Table 60. Data for determining average air 
passage size for Test 24a 
Sand size 
(sieve) 
Per cent 
retained 
Average 
passage size 
(inches) 
Per cent 
each passage 
size 
Weighting 
35-48 12 0.0070 12 0.084 
28-35 32 0.0169 20 0.338 
14-28 70 0.0272 38 1.034 
10-14 90 0.0450 20 0.900 
8-10 100 0.0672 10 0.672 
3.028 
^Weighted average passage size = = 0.030 inch 
Table 6l. Calculated data for Test 24a 
^ïen°W («. Lr (InchL ^ ^ ^ P 
(cfm per sec.) of water) A /tv A A-v /* /Lvn 
sa. ft.) f_ * sec.; r o 
6.53 0.109 0.008 656 1430 1.65 5720 0.130 2.00 4020 
8.70 0.145 0.011 875 1130 2.20 4520 0.173 2.66 319Q 
11.62 0.194 0.015 1170 905 2.95 3620 0.321 3.54 2540 
17 AO 0.290 0.026 1750 706 4.40 2820 0.345 5.29 1995 
26.10 0.435 0.046 2620 555 6.60 2220 0.519 7.96 1557 
34.80 0.580 0.074 3490 495 8.70 1980 0.690 10.60 i4oo 
52.20 0.870 0.139 5240 416 13.20 1665 1.035 15.88 1170 
69.60 1.160 0.220 7000 370 17.65 1480 1.382 21.20 lOiA 
aDry matter per cubic foot; 4,02 pounds 
Air passage sizes; 0,030 inch 
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Table 62. Original data for Test 25a 
Air flow 
rate 
Plenum 
pressure 
Pressure 
position 
différence from one 
(inches of water ) 
foot 
(cfm per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
4.35 0.050 0.008 
0.008 
0.015 
0.015 
0.025 
0.022 
0.032 
0.032 
6.53 0.075 0.010 
0.012 
0.025 
0.025 0
0
 
8
8
 
00
 00
 0
0
 .
 .
 
0
 0
 
8.70 0.110 0.015 
0.018 
0.035 
0.035 
0.055 
0.055 
0.072 
0.072 
11.62 0.155 0.025 
0.025 
0.050 
0.050 
0.080 
0.080 
0.105 
0.105 
17*40 0.260 0.040 
0.042 
0.088 
0.088 
0.135 
0.135 
0.175 
0.175 
26.10 0.450 0.075 
0.075 
0.150 
0.150 
0.230 
0.230 
0.305 
0.305 = 
34.80 0.660 0.110 
0.110 
0.225 
0.222 
0.340 
0.340 
0.445 
0.44-2 
52.20 1.20 0.200 
0.200 
0.405 
0.410 
0.620 
0.620 
0.800 
0.800 
69.60 1.86 0.310 
0.310 
0.630 
0.625 
0.955 
0.960 
1.240 
1.240 
Date of test: August 18, 1956 
Kind of hay: Alfalfa cut with a flail type harvester 
Moisture content of hay: 18.0 per cent 
Bulk specific weight of hay: 5-45 pounds per cubic foot 
Porosity as measured with water: 82.0 per cent, 
81.8 per cent 
Porosity as measured with mercury: 83«0 per cent, 
83*0 per cent 
Average air temperature during test: .74 °F 
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Table 64. Data for determining average air 
passage size for Test 25a 
Sand size 
(sieve) 
Per cent 
retained 
Average 
passage size 
(inches) 
Per cent 
each passage 
size 
Weighting 
48-100 14 0.0044- 14 0.062 
35-48 20 0.0114 6 0.068 
28-35 30 0.0169 10 0.169 
14-28 60 0.0272 30 0.815 
10-14 100 0.0450 40 1.800 
2.914 
^Weighted average passage size = = 0.029 inch 
Table 65. Calculated data for Test 25a 
Air flow 
rate 
(cfm per 
sq. ft.) 
V 
(ft. per 
sec. ) 
h 
(inches 
of water) 
/pVl. T> /pvm P vc /pvcm p 
• 
1 A V 
(ft. per 
sec. ) A /FvC5 
4.35 0.073 0.008 443 3420 1.08 13700 0.088 1.34 9230 
6.53 0.109 0.013 667 2350 1.62 9410 0.132 2.01 6420 
8.70 0.145 0.018 88 7 1920 2.16 7700 O.176 2.67 5220 
11.62 0.194 0.026 1188 1560 2.88 6250 0.235 3.57 4260 
17.40 0.290 0.044 1775 ll6o 4.31 4650 0.352 5.35 3165 
26.10 0.435 0.071 2660 905 6.45 3620 0.528 8.03 2450 
34.80 0.580 0.111 3550 740 8.61 2960 0.703 10.70 2020 
52.20 0.870 0.200 5320 594 12.95 2380 1.054 16.00 1615 
69.60 1.160 0.310 7100 516 17.25 2060 1.405 21.30 1408 
aDry matter per cubic foot: 4.47 pounds 
Air passage sizes: 0.029 inch 
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Table 66. Original data for Test 26a 
Air flow 
rate 
(cfm per 
sa. ft.) 
Plenum 
pressure 
(inches; 
of water) 
Pressure 
position 
difference from one 
(inches of water) 
foot 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
6.53 0.080 0.010 0.022 0.035 0.048 
0.010 0.022 0.035 0.048 
8.70 0.110 0.015 0.032 0.050 0.070 
0.015 0.035 0.052 0.070 
11.62 0.160 0.020 0.048 0.075 0.100 
0.022 0.048 0.072 0.100 
17.40 0.265 0.038 0.080 0.125 0.170 
0.035 0.085 0.125 0.170 
26.10 0.450 0.065 0.145 0.215 Ô.290 
0.062 0.140 0.212 0.290 
34.80 0.680 0.100 0.215 0.325 0.440 
0.100 0.215 0.325 0.440 
52.20 1.250 0.180 0.385 0.585 O.78O 
0.185 0.395 0.590 0.790 
69.60 1.920 0.285 0.615 0.915 1.230 
0.285 0.605 0.910 1.230 
^Date of test: August 21. 1956 
Kind of hay; Alfalfa cut with a flail type harvester 
Moisture content of hay: 13 per cent 
Bulk specific weight of hay: 5*35 pounds per cubic foot 
Porosity as measured with water: 82.4 per cent 
Average air temperature during test: 70°F 
Table 67. Calculated data for Test 26s 
Air flow 
rate 
(cfm per 
sa. ft.) 
V 
(ft. per 
sec. ) 
h 
(inches 
of water) 
ZFvL p / f™ p vc 
(ft. per 
sec. ) 
/Fvcm p 
ft • • A /V 
6.53 0.109 0.012 673 2250 1.63 9020 0.132 1.98 6130 
8.70 0.145 0.018 895 i860 2.18 7450 0.176 2.63 5060 
11.62 0.194 0.025 1200 1485 2.92 5950 0.235 3.52 4030 
17.40 0.290 0.043 1790 1130 4.35 4520 0.352 5.28 3060 
26.10 0.435 0.073 2680 855 6.50 3420 0.528 7.91 2320 
34.80 0.580 0.110 3580 730 8.70 2920 0.703 10.55 1985 
52.20 0.870 0.196 5370 580 13.10 2320 1.054 15.85 1575 
69.60 1.160 0.308 7160 510 17.40 2040 1.405 21.10 1390 
aDry matter per cubic foot: 4.65 pounds; 
Air passage sizes: 0.029 Inch 
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Table 68. Original data for Test 27a 
Air flow Plenum Pressure difference from one foot 
rate pressure position Cinches of water) 
(cfm per (inches Position Position Position Position 
so. ft.) of water) 2 2 it ? 
6.53 0.038 0.015 
0.015 
0.030 
0.030 
8.70 0.058 0.008 
0.010 
0.018 
0.020 
0.030 
0.030 
0.042 
0.042 
11.62 0.085 0.015 
0.015 
0.028 
0.028 
irs
lfN a
 # # 
0
0
 
0.065 
0.065 
17.40 0.150 0.025 
0.025 
0.055 
0.055 
0.078 
0.080 . 
0.110 
0.110 
26.10 0.255 0.045 
0.042 
0.090 
0.088 
0.140 
0.135 
0.190 
0.190 
3^.80 0.385 0.068 
0.065 
0.135 
0.135 
0.210 
0.205 
0.290 
0.285 
52.20 0.710 0.120 
0.120 
0.245 
0.245 
0.370 
0.385 
0.520 
0.525 
69.60 1.080 0.190 
0.185 
0.385 
0.380 
0.595 
0.575 
0.810 
0.790 
^Date of test: August 20, 1956 
Kind of hay: Very mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 53*5 per cent 
Bulk specific weight of hay: 8.00 pounds per cubic foot 
Porosity as measured with water: 80.0 per cent, 
80.2 per cent 
Porosity as measured with mercury: 82.0 per cent, 
81.0 per cent 
Average air temperature during test: 71 °F 
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Table 69• Original data for Test 28a 
Air flow 
rate 
Plenum 
pressure 
Pressure 
position 
difference from one 
(inches of water ) 
foot 
(cfm. per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position 
3 
Position 
4 
Position 
5 
6.53 0.045 0.015 
0.015 
0.028 
0.028 
8.70 0.065 0.008 
0.010 
0.018 
0.018 
0.030 
0.030 
0.Ô40 
0.040 
11.62 0.095 0.015 
0.015 
0.028 
0.028 
0.045 
0.045 
0.060 
0.060 
17.40 0.160 0.022 
0.025 
0.048 
0.050 
0.078 
0.078 
0.102 
0.105 
26.10 0.285 0.045 
0:042 
0.090 
0.088 
0.140 
0.140 
0.185 
0.185 
34.80 0.420 0.065 
0.060 
0.130 
0.128 
0.205 
0.205 
0.270 
0.270 
52.20 0.765 0.110 
0.120 
0.235 
0.238 
0.370 
0.370 
0.490 
0.495 
69.6 1.170 0.188 
0.170 
0.365 
0.360 
0.580 
0.575 
0.765 
0.755 
Date of test: August 21, 1956 
Kind of hay: Very mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 48«5 per cent 
Bulk specific weight of hay: 7*50 pounds per cubic foot 
Porosity as measured with water: 82.2 per cent, 
82.0 per cent 
Average air temperature during test: 66°F 
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Table 70. Original data for Test 29a 
Air flow 
rate 
Plénum 
pressure 
Pressure 
position 
difference from one 
(inches of water) 
foot 
(cfm per 
sa. ft.) 
(inches 
of water) 
Position 
2 
Position Position 
4 
Position 
5 
4.35 0.030 0.010 
0.010 
0.020 
0.020 
6.53 0.050 0.008 
0.008 
0.018 
0.018 
0.025 
0.028 
0.035 
0.035 
8.70 0.075 0.015 
0.015 
0.025 
0.025 
O.O38 
0.038 
0.050 
0.050 
11.62 0.105 0.018 
0.018 
0.038 
0.035 
0.052 
0.055 
0.072 
0.075 
17.40 0.180 0.035 
0.035 
0.065 
0.065 
0.098 
0.095 
0.128 
0.125 
26.10 0.320 0.060 
0.060 
0.118 
0.115 
0.168 
0.175 
0.220 
0.225 
34.80 0.475 0.095 
0.095 
0.175 
0.170 
0.250 
0.265 
0.325 
0.325 
52.20 0.860 0.175 
0.175 
0.315 
0.315 
0.480 
0.450 
0.605 
0.595 
69.60 I.32O 0.260 
0.265 
0.480 
0.480 
0.690 
0.730 
0.910 
0.925 
Date of tests August 22, 1956 
Kind of hays Very mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 39 per cent 
Bulk specific weight of hay: 6.90 pounds per cubic foot 
Porosity as measured with water: 81.0 per cent, 
80.8 per cent 
Porosity as measured with mercury: 81.0 per cent, 
81.0 per cent 
Average air temperature during test: 72°F 
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Table 71. Original data for Test 30a 
Air flow Plénum. Prés sure difference from one 
rate pressure position (inches of water) 
(cfm per (inches Position Position Position 
sa. ft.) of water) 2 3 4-
4.35 0.035 0.012 
0.012 
6.53 0.058 0.008 0.018 0.028 
0.010 0.018 0.028 
8.70 0.080 0.012 0.025 0.040 
0.012 0.028 0.042 
11.62 0.115 0.018 O.04O 0.060 
0.018 0.040 0.060 
17.40 0.195 0.032 0.068 0.100 
0.030 0.065 0.102 
26.10 0.340 0.055 0.115 0.175 
0.052 0.110 0.175 
34.80 0.495 0.070 0.165 0.255 
0.075 0.165 0.250 
52.20 0.890 0.140 0.305 0.455 
0.135 0.305 0.465 
69.60 1.390 0.210 0.470 0.720 
0.225 0.470 0.710 
foot 
Position 
5 
0.025 
0.025 
0.038 
0.038 
0.055 
0.055 
0.080 
0.080 
0.135 
0.135 
0.230 
0.225 
0.330 
0.335 
0.605 
0.595 
0.920 
0.935 
Date of test: August 23, 1956 
Kind of hay: Very mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 23 per cent 
Bulk specific weight of hay: 6.00 pounds per cubic foot 
Porosity as measured with water: 81.3 per cent 
Porosity as measured with mercury: 81.5 per cent 
Average air temperature during test: 82°F 
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Table 72. Air passage size data for Test 30a 
Sand size Sànd out after time indicated (cc) 
(sieve) 0.0 0.1 0.2 0.5 0.5 HO 1.5 
min. m1n. min. min. min. min. min. 
48-100 9 27 33 68 73 74 
13 29 35 65 68 68 
35-48 6 15 33 57 63 73 79 
2 7 15 42 54 58 63 
28-35 4 9 10 36 44- 59 64 
1 4 5 43 45 49 62 
0.0 0.2 0.5 1.0 1.5 2.0 3*0 
mi.n. min. min. min. min. min. min 
14-28 1 15 22 44- 45 46 
0 4 9 10 17 19 27 
2 12 14 22 35 39 41 
10-14 0 0 1 6 6 
aSize of hay sample: 2000 cc 
Quantity of sand poured in: 100 cc 
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Figure 30. Relationship between per cent of sand passing 
and shaking time for Test 30 
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Table 73» Data for determining average air 
passage size for Test 30a 
Sand size 
(sieve) 
Pëirr cent 
retained 
Average 
passage size 
(inches ) 
Per cent 
each passage 
size 
Weighting 
48-100 32 0.0044- 32 0.141 
35-48 38 0.0114 6 0.068 
28-35 40 0.0169 2 0.034 
14-28 65 0.0272 25 0.680 
10-14 94 0.0456 29 1.305 
8-10 100 0.0672 6 0.402 
2.630 
aWeighted average passage size = nn° = °*°26 indi 
Table 74* Calculated data for Test 30a 
Air flow 
rate 
(cfm per 
sa. ft.) 
V 
(ft. per 
sec. ) 
h 
(inches 
of water) 
4vL D vc 
(ft. per 
sec. ) 
/Fvcm P 
- A /?c 
4.35 0.073 0.006 430 2710 0.089 1.16 7210 
6.53 0.109 0.010 648 1820 0.134 1.74 4840 
8.70 0.145 0.014 860 1500 0.178 2.31 3960 
11.62 0.194 0.020 1150 1210 0.238 3.09 3230 
17.40 0.290 0.034 1720 914 0.356 4.61 2430 
26.10 0.435 0.057 2580 685 0.533 6.91 1820 
34.80 0.580 0.083 3*t40 563 0.712 9.23 1495 
52.20 0.870 0.150 5160 453 1.068 13.83 1200 
69*60 1.160 0.232 6900 392 1.422 18.45 1044 
aDry matter per cubic foot: 4.62 pounds 
Air passage sizes: 0.026 inch 
158 
Table 75* Original data for Test 31c 
Air flow ' Plénum 
rate pressure 
(cfm per (inches 
sq. ft.) of water) 
Pressuré différence from one foot 
position (inches of water) 
Position 
2 
Position 
1 
Position 
it-
Position 
5 
8.70 0.020 0.008 
0.008 
0.015 
0.015 
11.62 0.030 0.010 
0.010 
0.022 
0.020 
17.40 0.055 0.008 
0.008 
0.018 
0.018 
0.022 
0.025 
co
co 
* # 
O
O
 
26.10 0.100 0.015 
0.015 
0.030 
0.030 
0.045 
0.045 
0.070 
0.068 
34.80 0.145 0.022 
0.025 
0.048 
0.050 
0.068 
0.065 
0.105 
0.105 
52.20 0.300 0.045 
0.048 
0.095 
0.090 
0.120 
0.135 
0.200 
0.200 
69.60 0.465 0.075 
0.075 
0.145 
0.150 
0.210 
0.210 
0.315 
0.315 
Date of test: August 22, 1956 
Kind of hay: Very mature long alfalfa 
Orientation of stems: Perpendicular to direction of 
air flow 
Moisture content of hay: 21 per cent 
Porosity as measured with water : 83.4 per cent 
Porosity as measured with mercury: 83.5 per cent 
Average air temperature during test: 83 
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Table 76. Original data for Test 32a 
Air flow Plenum Pressure difference from one foot 
rate pressure position (inches of water) 
(cfm per (inches Position Position Position Position 
sa. ft.) of water) 2 % 4- 5 
11.62 0.028 0.008 0.022 
0.120 0.022 
17.40 0.050 0.005 0.020 0.025 0.038 
0.008 0.015 0.022 0.038 
26.10 0.090 0.012 0.028 0.040 0.068 
0.012 0.035 0.042 0.068 
34.80 0.140 0.020 0.045 0.065 0.105 
0.020 0.055 0.068 0.105 
52.20 0.250 0.038 0.105 0.120 0.190 
0.035 0.080 0.120 0.190 
69.60 0.385 0.060 0.130 0.185 0.290 
0.060 0.155 0.188 0.290 
Date of test: August 22, 1956 
Kind of hay: Very mature long alfalfa 
Orientation of stems: Parallel to direction of air flow 
Moisture content of hay; 21 per cent 
Porosity as measured with water: 83*4 per cent 
Porosity as measured with mercury: 83 #5 per cent 
Average air temperature during test: 80°F 
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Table 77- Original data for Test 33* 
Air flow Plénum 
rate pressure 
(cfm per (inches 
sa. ft.) of water) 
Pressuré 
position 
difference from one 
(inches of water) 
foot 
Position Position Position Position 
2 3 4 5 
0.008 
0.008 
0.018 
0.018 
0.030 
0.028 
0.040 
0.040 
0.010 
0.012 
0.028 
0.028 
0.042 
0.045 
0.058 
0.058 
0.020 
0.020 
0.050 
0.050 
0.075 
0.072 
0.100 
- 0.100 
0.035 
0.038 
0.085 
"0.088 
0.128 
0.130 
0.170 
0.175 
0
 0
 
•
 
* 
0
0
 
0.130 
0.135 
0.195 
0.200 
0.258 
0.260 
0.088.-
0.082 
0.205 
0.198 
0.300 
0.292 
0.395 
0.390 
0.150 
0.165 
0.365 
0.375 
0.540 
0.555 
0.720 
0.720 
8.70 
11.62 
17.40 
26.10 
34.80 
46.4 
69.60 
0.055 
0.082 
0.142 
0.250 
0.370 
0.570 
1.130 
Date of test: August 23, 1956 
TTind of hay: Very mature alfalfa cut with a flail type 
harvester 
Moisture content of hay: 29 per cent 
Bulk specific weight of hay: 5.73 pounds per cubic foot 
Porosity as measured with water: 82.4 per cent, 
82.2 per cent 
Porosity as measured with mercury: 82.0 per cent, 
82.6 per cent 
Average air temperature during test: 77*F 
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Table 78. Air passage size data for Test 33a 
Sànd size " Sand out after time indicated, (cc) 
(sieve) 0.0 0.2 0.6 1.0 2.0 3.0 4.0 
min. •min. min. min. min. min. min 
35-48 0 3 24 28 53 85 85 
0 16 55 61 74 75 76 
28-35 0 14 49 64 81 82 82 
0 3 18 28 32 61 62 
• - 0.0 0.5 1.0 2.0 3.0 5.0 7.0 
min. min. min. in in. min. min. min 
14-28 0 2 22 25 30 43 "50 
0 10 18 19 20 25 31 
10-14 0 0 0 1 2 3 
0 — •* 0 0 0 
aSize of hay sample: 4000 cc 
Quantity of sand poured in: 100 cc 
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Figure 31. Relationship between per cent of sand passing 
and shaking time for Test 31 
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Table 79» Data for determining average air 
passage size for Test 33a 
Sând sizé ' 
(sieve) 
Per cent 
retained 
Average 
passage size 
(inches) 
Per cent 
each passage 
size 
Weighting 
35-48 25 0.0070 25 0.175 
28-35 40 0.0114 15 0.171 
14-28 80 0.0272 40 1.088 
10-14 98 0.0450 18 0.810 
8-10 100 0.0672 2 0-131+ 
2.378 
^Weighted average passage size = ~ 0.024 inch 
Table 80. Calculated data for Test 33 a 
Air flow V h ApVL vn A,vGm p 
i2:r S-SSr) — -p — 7-7 
sa. ft.) * seo'J J c 
8.70 0.145 0.010 874 1076 0.176 1.96 2930 
11.62 0.194 0.015 1170 873 0.235 2.62 2370 
17.40 0.290 0.025 1750 673 0.352 3.93 1822 
26,10 0.435 0.043 2620 515 0.528 5.88 1396 
34.80 0.580 0.065 3490 435 0.703 7.84 1185 
46.40 0.756 0.098 4550 388 0.918 10.25 1052 
69.60 1.160 0.180 7000 302 1.405 15.68 825 
aDry matter per cubic foot: 4.07 pounds 
Air passage sizes: 0.024 inch 
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APPENDIX B: SAMPLE CALCULATIONS 
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Determination of Air Flow Rates from 
Different Sprocket Ratios 
The inside diameter of the bell of the apparatus for 
supplying air was 32 inches. The cross-sectional area was 
therefore 5*58 square feet. The volume of air displaced per 
revolution of the drive pinion was 2.923 cubic feet. The 
speed of the jack shaft was found to be 234- + 3 rpm. A fifty-
to-one speed reducer was used in addition to two chain 
drives. A sprocket ratio expressed as 24:12 indicates a driv­
ing sprocket with 24- teeth and a driven sprocket with 12 
teeth. In the case where the sprocket ratios were 24:12 and 
18:18, the speed of the pinion was 
pinion speed =• ^ =• 9 «35 rpm 
and the volume of air displaced per minute was 
volume per minute = 9*35 x 2.923 = 27*4 cfm 
When the diameter of the test bin was 12 inches the 
cross-sectional area of the bin was 0.78$4 square foot. The 
air flow rate per square foot of bin area (or the apparent 
velocity) for the given sprocket ratios was 
v = = 34.8 cfm per sq. ft. 
Air flow rates for other sprocket ratios used are given 
in Table 81. 
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Table 81. Air flow rates for different sprocket ratios 
Sprocket ratio Air flow 
(cfm) 
Air flow rate 
(cfm t>er sa. ft.) 
12:24-, 12:24 3.42 4.3? 
12:24, 18:24 5.13 6.53 
12:24-, 18:18 6.84 8.70 
12:24-, 24:18 9.12 11.6 
12:24, 24:12 13.68 17.4 
12:24-, 36:12 20.5 26.1 
24-:12, 18:18 27.4 34.8 
24:12, 24:18 36.4 46.4 
24-:12, 18:12 41.0 52.2 
24:12, 24:12 54.7 69*6 
Method of Determining Air Passage Sizes 
Air passage sizes were determined by shaking graded sand 
through a sample of hay packed to the same bulk specific 
weight as that in the test bin. The per cent of sand passing 
through the hay was plotted against shaking time for each 
different sand size. The curves for Test 15 are shown in 
Figure 4. At least two trials were made with each sand size, 
but only one trial has been plotted to avoid the confusion 
of several overlapping curves. 
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A sand size designated as 48-100 indicates that the par­
ticles would pass through a 48 mesh screen but would be re­
tained on a 100 mesh screen. The actual opening sizes for 
different sieve sizes are shown in Table 82 and the average 
particle sizes for different screenings in Table 83. 
Table 82. Actual opening sizes in sieves used 
Sieve number Actual opening size 
Cinches) 
100 0.0058 
48 0.0116 
35 0.0164 
28 0.0232 
14 0.046 
10 0.065 
8 0.093 
4 0.185 
The ""breaking points" on the curves in Figure 4 and 
similar curves found in Appendix A were assumed to be crit­
ical. iihen sand size was 48-100 the breaking point of the 
curve in Figure 4 was about 85 per cent. The hay was there­
fore retaining about 15 per cent of the sand. It was assumed 
that 15 per cent of the opening area was composed of passages 
sizes ranging from zero to 0.0087 inch and average about 
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Table 83. Average sand particle size for 
different screenings 
Sand size Average size of particles 
designation (inches ) 
48-100 0.008? 
35-48 0.0140 
28-35 0.0198 
14-28 0.0346 
10-14 0.0555 
8-10 0.0790 
4-8 0.1390 
0.00435 inch. Table 84 shows the method of determining a 
weighted average passage size. 
Sample Calculations for Test 15 
The following data were recorded during the test: 
1. Air temperature: 74°F 
2. Moisture content of hay: 19.5 per cent 
3. Bulk specific,weight of hay: 5°00 pounds per cubic 
foot 
4. Porosity of hay: 85 per cent 
5. Air passage size: 0.033 inch 
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Table 84. Data for determining average air 
passage size for Test 15s 
Sând size Pér cent Average Pér cent Weighting 
(sieve) retained passage size each passage 
(Inches) size 
48-100 15 0.0644 15 0.066 
35-48 25 0.0114 10 0.114 
28-35 30 0.0169 5 0.084 
14-28 55 0.0272 25 . 0.680 
10-14 85 0.0450 30 1.350 
8-10 100 0.0672 15 1.010 
3.304 
*The weighted average size was therefore 3 «304/100 or 
about 0.033 inch. 
6. Pressure drops per foot of hay at flow rates of 
4.35, 6.53) 8.7, 11.6, 17.4, 26.1, 34.8, 52.2, and 69.6 cfm 
per square foot of bin cross-section. 
For making sample calculation, the pressure drop for a 
flow rate of 8.7 cfm per square foot was used. At this flow 
rate the total pressure drop, H, over a length of four feet 
was 0.040 inch of water. The pressure drop per foot length 
of "bin was 0.010 inch of water. 
The £7m ratio for a bin length of four feet was 
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For an air temperature of 74°F the density of dry air 
is 2.31 x 10 ^ slugs per cubic foot and the viscosity is 
3«81 x 10 ^  slugs per foot-second. The apparent velocity 
in feet per second is 
v = = 0.145 feet per second 
The corrected velocity is 
vc = v/f = 0.171 feet per second 
Since one inch of water is the equivalent of 5*2 pounds 
per square foot 
P. ,1,25 = iî2_jL0V*2_xl£ = U270 
/PV 2.31 X (O.I45)2 
= I:fl\°(°.6in)°3 - 3080 
F c 
_E_ = ?.2 x 0.010 x 103 = 1065 
2.31 x (C.2>5r 
= 2.31 x 10~3 x 0.149 x 0.033 _ 2-lt2. 
V 3.81 x 10"7 x 12 
ç2 _ 2.31 x 10 x 0.171 x 0.0^  _ g.gf 
3.81 x 10"? x 12 
172? 
-âfh. = 2.^ 1 x 10~3 % 0.14? X X = 8go 
A 3.81 x 10~7 
The dry matter per cubic foot was 5»00 x 80.5" - 4.02 
pounds since the moisture content of the hay was 19«5 per 
cent on a wet basis. 
